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Abstract - Zusammenfassung
Abstract
The present work deals with the investigation of dense pulsed laser deposited (PLD)
La-Sr-Co-O thin films which contain one or more perovskite related phases with cat-
alytic activity for the oxygen reduction reaction (ORR). For the performance of solid
oxide fuel cells (SOFC), a high ORR activity of the cathode material is decisive, in
particular when attempting to lower the operation temperature. There are litera-
ture reports that enhanced ORR activities can be reached at hetero-interfaces of two
different electronically and ionically conducting cathode materials, as demonstrated
for (La,Sr)CoO3−δ perovskite (P) / (La,Sr)2CoO4±δ Ruddlesden-Popper phase (R)
("TPB effect", Kawada and Sase et al. 2006 and Crumlin et al. 2010). So far, no
systematic experiments were performed to quantify the strength of the TPB effect (i.e.
contribution of TPBs to ORR activity per TPB length). The present work therefore
concentrated on the fundamental investigation of the TPB effect, a proper chemical and
morphological characterization of the P/R two-phase samples and the quantification of
the strength of the TPB effect.
The P/R two-phase films were prepared by pulsed laser deposition (PLD) at 770 °C
from a single La-Sr-Co-O PLD target (plasma composition with a (La,Sr) to Co ratio
between P and R) by phase separation on YSZ single crystalline substrates. The about
65 nm thin pore-free films contained vertically aligned nanocolumns with 20 – 200 nm
diameter. All two- or single-phase films contained a La to Sr ratio of 70 : 30, and
R fraction as well as PLD conditions were varied to control the grain size and TPB
densities of the samples.
An important aspect of the present work was to find suitable single-phase reference
materials for determination of the precise contribution of TPBs to the ORR activity
owing to the strong influence of Sr content on the ORR activity of P. Since the Sr
fractions in the P and R phase in self-assembled two-phase materials are not necessarily
iii
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identical, they had to be determined experimentally. The thermodynamic equilibrium
Sr distribution between coexisting P and R was systematically investigated for powder
samples prepared at 1200 °C for the whole range of stable P/R compositions. The Sr
fractions in the P and R phases were determined from their lattice constants, obtained
from XRD/Rietveld refinement, which depend on the Sr fraction. The resulting binodal
showed a strong Sr accumulation in R, especially for overall low Sr/La ratios. For
example, for the composition of two-phase films with 60 mol-% R a composition of
La0.87Sr0.13CoO3−δ / (La0.62Sr0.38)2CoO4+δ is expected.
For the determination of the precise distribution of Sr dopant between P and R in
the two-phase films, quantitative TEM-EDX was used. Owing to the limited TEM
lamella thickness and spatial resolution of TEM-EDX, a statistical model was used for
the determination of the Sr distribution between P and R which considered also the
unintended simultaneously measurement of crystallites of both phases. It was found
that the Sr fraction in P was not fully in thermodynamic equilibrium with the coexisting
R, and resulted in La0.77Sr0.23CoO3−δ / (La0.65Sr0.35)2CoO4+δ for films with 60 mol-%
R phase.
Further detailed investigations of the La-Sr-Co-O films regarding phases and com-
positions with SEM, TEM-EDX, XRD, Raman spectroscopy and ICP-OES revealed
that the prepared two-phase films are in general not thermodynamically equilibrated.
Besides the non-equilibrium Sr distribution, also the formation of a Co-deficient per-
ovskite phase La0.7Sr0.3Co0.9O3−δ which showed largely enhanced ORR activity, and a
higher-order Ruddlesden-Popper phase (La,Sr)n+1ConOm with n = 1.6 – 2.1 was ob-
served.
For the ORR activity characterization the films were structured to circular electrodes
with 80 µm diameter and a reversible counter electrode of porous silver was attached to
the opposite side of the YSZ electrolyte. Effective ORR rate constants were obtained
from the low-frequency semicircle in electrochemical impedance spectroscopy of the
microelectrodes contacted by microprobes. The ORR activity of La-Sr-Co-O films was
determined as function of temperature, oxygen partial pressure and time at 600 °C.
To have a proper reference activity (= superposition of surface weighted ORR ac-
tivities of P and R assuming no TPB effect), the Sr fraction in P in the two-phase
films obtained by TEM-EDX was used to estimated the ORR activity of P in the two-
phase films from the measured ORR activity of single-phase P films with a La to Sr
ratio of 70 : 30 and its Sr fraction dependence (no significant dependence for R). For
the length specific quantification of the strength of the TPB effect, the TPB densities
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of the two-phase films were estimated by analysis of crystallite size distribution and
phase composition. Most of the prepared samples have sufficiently high TPB densities
(around 50 nm large crystallites, 200,000 cm/cm2) to show at least a moderate TPB ef-
fect of 3 to 30 times higher ORR activity compared to the reference, depending on the
PLD conditions, precise TPB density (varied between 110,000 and 260,000 cm/cm2)
and composition (R fraction). The contribution of TPBs to ORR activity scattered
significantly for two-phase films prepared at 770°C with similar TPB densities. This
might be due to variations in the nature of the TPBs, e.g. different Sr distributions
and crystallite orientations. Nevertheless, the strength of the TPB effect (= increase of
ORR rate per TPB length) could reliably be estimated in the magnitude of 10−13 cm2/s
at 600 °C in 1 bar O2.
The formation of the metastable Co-deficient perovskite phase at nominal molar R
fractions of up to 10 % had a much stronger effect on the overall ORR activity of
the present La-Sr-Co-O films. Co-deficient P single-phase films showed a 100 times
enhanced ORR activity compared to cation stoichiometric P with the same Sr fraction.
An increased concentration of oxygen vacancies to charge compensate the Co-vacancies
might be the origin for the high activity.
To summarize, the self-assembled two-phase film approach was suitable to quantify
the TPB effect because the crystallite size in films (40 – 200 nm) allowed for a de-
tailed morphological an chemical analysis, while simultaneously the TPB density was
sufficient to show a clear TPB effect for most samples in the impedance spectroscopy
measurements.
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Zusammenfassung
In der vorliegenden Dissertation geht es um die Untersuchung porenfreier La-Sr-Co-O-
Dünnfilme, die mit gepulster Laserdeposition (PLD) hergestellt wurden. Sie enthalten
eine oder mehrere Perowskit-verwandte Phasen, welche für die Sauerstoffreduktions-
reaktion (oxygen reduction reaction, ORR) katalytisch aktiv sind. Für die Leistungs-
fähigkeit von Festoxidbrennstoffzellen (solid oxide fuel cell, SOFC) ist eine hohe ORR-
Aktivität des Kathodenmaterials entscheidend, insbesondere wenn niedrige Betriebs-
temperaturen angestrebt werden. In der Literatur gibt es Hinweise auf eine erhöhte
ORR-Aktivität am Kontakt von den Phasengrenzen zweier unterschiedlicher elektro-
nisch und oxidionisch leitenden Kathodenmaterialien mit der Gasphase (triple phase
boundary, TPB), nämlich an der (La,Sr)CoO3−δ Perowskit- (P) / (La,Sr)2CoO4±δ
Ruddlesden-Popper-Phasengrenze (R) ("TPB-Effekt", Kawada und Sase et al. 2006
und Crumlin et al. 2010). Bisher wurden keine systematischen Untersuchungen
durchgeführt, um die längenspezifische Stärke des TPB-Effekts zu quantifizieren, also
der Beitrag der TPB zur ORR-Aktivität pro TPB-Länge. Die vorliegende Disserta-
tion konzentriert sich daher auf grundlegende Untersuchungen des TPB-Effekts mit
einer ausführlichen chemischen und morphologischen Charakterisierung der zweiphasi-
gen P/R-Filme und Quantifizierung der Stärke des TPB-Effekts.
Die zweiphasigen P/R-Filme wurden mit gepulster Laserdeposition auf 770 °C heiße,
einkristalline YSZ-Substrate über selbstorganisierte Phasentrennung hergestellt, und
zwar aus einem einzigen PLD-Target, dessen (La,Sr)- zu Co-Verhältnis zwischen dem
von P und R liegt. Die ca. 65 nm dünnen porenfreien La-Sr-Co-O-Filme bestanden
aus säulenförmigen Kristalliten mit 20 — 200 nm Durchmesser. Alle La-Sr-Co-O-Filme
wurden mit einem molaren La- zu Sr-Verhältnis von 70 : 30 hergestellt; der R-Anteil
und die PLD-Prozessparameter wurden gezielt geändert, um die Kristallitgrößen in den
Filmen und damit ihre TPB-Dichte (TPB-Länge pro Filmfläche) zu kontrollieren.
Ein wichtiger Aspekt der vorliegenden Dissertation war es, geeignete Referenz-
aktivitäten für die zweiphasigen, TPB-reichen Filme zu bestimmen, welche den zu
erwartenden ORR-Aktivitäten ohne TPB-Effekt entsprechen. Da die ORR-Aktivität
von P stark vom Sr-Dotiergehalt abhängt und die Verteilung des Strontiums zwischen
den beiden selbstorganisierten Phasen P und R nicht kontrolliert werden kann, musste
die Sr-Verteilung experimentell bestimmt werden. Dafür wurde das thermodynami-
sche Gleichgewicht der Sr-Verteilung zwischen koexistierenden P- und R-Phasen in
Pulverproben (bei 1200 °C hergestellt) systematisch für den gesamten Bereich der
Gesamt-La/Sr-Verhältnisse gemessen, in dem das P/R-Zweiphasensystem stabil ist.
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Die Sr-Anteile in P und R wurden anhand ihrer Gitterkonstanten (aus XRD/Rietveld-
Analyse) bestimmt, welche von den Sr-Anteilen abhängig sind. Die ermittelte Binode
ergab eine starke Sr-Anreicherung in der R-Phase, insbesondere bei niedrigen Gesamt-
Sr/La-Verhältnissen. Beispielsweise wird für zweiphasige Filme mit 60 mol-% R-Anteil
eine Sr-Verteilung von La0.87Sr0.13CoO3−δ / (La0.62Sr0.38)2CoO4+δ erwartet.
Die genaue Sr-Verteilung in den PLD-Filmen wurde per TEM-EDX gemessen. Da
TEM-Lamellen nicht beliebig dünn hergestellt werden können und die örtliche TEM-
EDX-Auflösung begrenzt ist, wurde ein statistisches Modell für die Bestimmung der
Sr-Verteilung zwischen P- und R-Kristalliten entwickelt. Dieses berücksichtigt, dass
mit TEM-EDX unbeabsichtigt auch mehrere Kristallite verschiedener Phasen gleich-
zeitig gemessen werden können. Es resultierte eine durchschnittliche Sr-Verteilung von
La0.77Sr0.23CoO3−δ / (La0.65Sr0.35)2CoO4+δ für Filme mit 60 mol-% R, was bedeutet dass
diese nicht vollständig im thermodynamischen Gleichgewicht sind.
Weitere detaillierte Untersuchungen der La-Sr-Co-O-Filme in Bezug auf ihre Phasen
und deren genauen Zusammensetzung mit SEM, TEM, TEM-EDX, XRD, Raman Spek-
troskopie und ICP-OES zeigten, dass die nominell zweiphasigen La-Sr-Co-O-Filme im
Allgemeinen nicht im thermodynamischen Gleichgewicht sind. So wurde neben der
Nichtgleichgewichts-Sr-Verteilung zwischen P und R auch die Bildung einer metasta-
bilen Co-defizitären Perowskit-Phase La0.7Sr0.3Co0.9O3−δ gefunden, welche eine extrem
hohe ORR-Aktivität aufwies, und die Bildung einer Ruddlesden-Popper-Phase höherer
Ordnung (La,Sr)n+1ConOm mit n = 1.6 – 2.1 beobachtet.
Zur Messung der ORR-Aktivitäten wurden die La-Sr-Co-O-Filme zu kreisförmigen
Mikroelektroden mit 80 µm Durchmesser strukturiert und auf der Rückseite der YSZ-
Elektrolyte reversible Gegenelektroden aus porösem Silber angebracht. Die effektiven
ORR-Ratenkonstanten wurden aus den Niederfrequenzhalbkreisen der Impedanzspek-
tren bestimmt, welche durch Kontaktierung der Mikroelektroden mit Mikromessspitzen
gemessen wurden. Die ORR-Aktivität der La-Sr-Co-O-Filme wurde in Abhängigkeit
von Temperatur, Sauerstoffpartialdruck und der Messzeit bei 600 °C gemessen.
Die geeignete Referenzaktivität ist die Superposition der oberflächenanteilgewich-
teten ORR-Aktivitäten von P und R in den zweiphasigen Filmen unter der Annahme,
dass kein TPB-Effekt vorliegt. Die ORR-Aktivität von P wurde aus Messungen mit
einphasigen P-Filmen mit einem La- zu Sr-Verhältnis von 70 : 30, sowie der Sr-
Anteilsabhängigkeit der Aktivität von P und dem per TEM-EDX ermittelten Sr-Anteil
in P in den zweiphasigen Filmen abgeschätzt. Die ORR-Aktivität von R, welche nicht
signifikant vom Sr-Anteil abhängt, wurde durch Messungen von einphasigen R-Filmen
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mit einem La- zu Sr-Verhältnis von 70 : 30 bestimmt. Für die Quantifizierung der
längenspezifischen Stärke des TPB-Effekts wurde die TPB-Dichten der zweiphasigen
Filme aus der Korngrößenverteilung und Zusammensetzung (Phasenanteile) geschätzt.
Die meisten der zweiphasigen Filme hatten eine ausreichend hohe TPB-Dichte (ca.
50 nm große Kristallite, 200 000 cm/cm2) um zumindest einen moderaten TPB-Effekt
aufzuweisen. Diese Filme waren 3- bis 30-mal ORR-aktiver als die entsprechende
Referenzaktivität, je nachdem unter welchen PLD-Bedingungen sie hergestellt wurden
und welche genauen TPB-Dichten (im Bereich von 110 000 und 260 000 cm/cm2) und
Phasenanteile sie hatten. Der Beitrag der TPB zur ORR-Aktivität der zweiphasigen
P/R-Filme mit vergleichbarer TPB-Dichte streute allerdings merklich. Dies lag ver-
mutlich an der unterschiedlichen Art der TPBs in den verschiedenen Proben, welche
durch die genauen Sr-Gehalte und Kristallitorientierungen von P und R beeinflusst
wird. Nichtsdestoweniger konnte die Größenordnung der Stärke des TPB-Effekts
(= Erhöhung der ORR-Rate pro TPB-Länge) zuverlässig abgeschätzt werden und lag
in der Größenordnung von 10−13 cm2/s bei 600 °C in 1 bar O2.
Die Bildung der metastabilen Co-defizitären Perowskit-Phase bei nominellen R-
Anteilen von bis zu 10 mol-% hatte eine viel stärkere Auswirkung auf die Gesamt-ORR-
Aktivität der La-Sr-Co-O-Filme. Phasenreine Co-defizitären Perowskit-Filme (nominell
10 mol-% R) waren 100-mal aktiver als Co-stöchiometrische P-Filme mit dem gleichen
Sr-Anteil. Wahrscheinlich führte die zusätzliche Bildung von Sauerstoﬄeerstellen, die
zur Kompensation der Ladung der Kobaltleerstellen nötig sind, zu der stark erhöhten
ORR-Aktivität.
Es kann zusammengefasst werden, dass der Ansatz, zweiphasige P/R-Filme durch
selbstorganisierte Phasentrennung herzustellen, geeignet war, um die Stärke des TPB-
Effekts zu quantifizieren: Die gebildeten Kristallite waren gerade groß genug, um eine
detaillierte Analyse ihrer Morphologie und den zugrundeliegenden Phasen und Zusam-
mensetzungen zu ermöglichen, aber gleichzeitig klein genug, um für die meisten Proben
einen deutlichen TPB-Effekt per Impedanzspektroskopie erkennen zu lassen.
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TPB triple phase boundary, usually P/R/O2; for "TPB density"
and "(strength of) TPB effect" see Section 2.4
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WE working electrode
YSZ Zr0.905Y0.095O1.95 yttria-stabilized zirconia
List of Symbols
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ρ volumetric mass density
ρP (x), ρR(y) density of P, R as function of Sr fraction x, y equations in Table 4
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aP (x), aR(y) lattice parameter a in P (hexagonal), R (tetragonal system)
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x
Contents
B see A, B
C capacitance
Cchem chemical capacitance of PLD films
Cdl double layer capacitance between PLD film and substrate
Cstray stray capacitance of EIS setup
ci concentration of species i
cO total molar concentration of lattice oxygen
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kP (x) effective ORR rate constant of P as function of the Sr fraction x
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k′TPB length specific ORR rate constant of TPB
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LTPB triple phase boundary length
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pO2 oxygen partial pressure
Q constant phase element (CPE)
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Ric ionic conduction resistance (vertically) through a PLD film
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CHAPTER 1. INTRODUCTION
1 Introduction
Motivation The worldwide demand of energy is continuously increasing due to popu-
lation growth and development while the fossil resources coal, oil, and gas mainly used
to satisfy this demand are running out. At the same time global warming, amongst
others caused by CO2 emission from burning fossil fuels, represents an increasing prob-
lem. Technical solutions which address this challenges have in common that (i) energy
is more efficiently provided, (ii) renewables or biomass are used instead of fossil fuels,
or (iii) less CO2 is emitted to the atmosphere.
Solid oxide fuel cells (SOFC) fulfill all of these approaches (i–iii). Fuel cells are
electrochemical devices that directly convert chemical energy from fuels (e.g. H2) into
electrical energy and are not affected by Carnot cycle limitations yielding theoretically
very high conversion efficiencies. In a SOFC (Fig. 1.1), oxygen ions O2− are conducted
through an oxidic electrolyte due to an electrochemical potential difference between the
anode where fuel is oxidized by the consumption of oxygen ions, and the cathode where
oxygen is reduced to oxygen ions, resulting in an electromotive force. Owing to low
mobility (e.g. compared to protons) the conduction of O2− in electroceramics requires
high temperatures of 700 – 1000 °C (see e.g. ref. [1]).
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Figure 1.1: Scheme of a solid oxide fuel cell (SOFC) which converts chemical to electrical
energy. An solid electrolyte such as yttria-stabilized zirconia (YSZ) conducts oxygen ions at
elevated temperature. The anode is made of a porous nickel/YSZ cermet, the cathode consists
e.g. of a porous mixed ionic electronic conducting oxide (often Mn, Fe, Co based perovskite).
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Especially because of operation at elevated temperatures and oxygen ion conduction,
SOFCs have a number of advantages:
• Owing to the high operation temperature, SOFCs allow for fast electrode kinetics
and are less sensitive to electrode poisoning and can also use CO as a fuel. Hy-
drocarbons such as methane can internally be reformed at the anode (multi-fuel
capability). Therefore biogas and even gasified biomass can be used as fuels [2].
• The high electrical conversion efficiency of SOFCs reduces fuel consumption and
CO2 emission compared to conventional power plants when fossil fuels are used.
Owing to the modular design of electrochemical devices, this high efficiency can
be achieved also for comparably small units (several kW range).
• Heat losses due to limited technical efficiency (e.g. cathode overpotential) can be
utilized at high temperatures for example in a gas turbine, increasing the overall
electrical efficiency [3].
• The exhaust gas of a SOFC is not diluted by nitrogen which makes carbon capture
and storage easier [4].
On the other hand, the largest drawbacks of SOFCs arise from the very high
operation temperatures at 700 – 1000 °C resulting in sealing problems, cell degrada-
tion, overall high fabrication costs and long start-up times. These problems could be
strongly minimized by operation at intermediate temperatures (500 – 700 °C, IT-SOFC)
“bulk path” in mixed ionic electronic conductors, 
e.g. in (La,Sr)CoO3-δ 
“surface path” of oxygen reduction reaction  
 via triple phase boundaries, e.g. in (La,Sr)MnO3-δ 
 
 
electrolyte electrolyte 
O2 O2 
O2- O2- 
O2 
O2- O2- O2- O2- O2- O2- 
O2 O2 
Figure 1.2: When the cathode has no or poor ionic conductance ("surface path", left) the
oxygen reduction reaction (red arrows, no electric currents shown) is restricted to a small
region close to the triple phase boundary (TPB). When the O2− conductivity of the electrode
is good ("bulk path", right) reduced oxygen from allover the cathode surface can be conducted
to the electrolyte through the cathode material.
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which is high enough to largely maintain the advantages discussed before. In this
intermediate temperature range mainly the oxygen reduction reaction (ORR) at the
cathode becomes the performance limiting part [1], therefore cathode materials with a
high activity for the ORR are required to construct an IT-SOFC with good performance.
The use of mixed ionic electronic conductors (MIEC) such as perovskite-type
La0.6Sr0.4Co0.2Fe0.8O3−δ improves the cathode performance already largely compared to
the earlier use of cathodes with low ionic conductivity (e.g. (La,Sr)MnO3−δ), because
the ORR is not restricted to the triple phase boundary (TPB) of electrode, electrolyte
and gas phase (see Fig. 1.2). Nevertheless, materials with even higher ORR activity than
La0.6Sr0.4Co0.2Fe0.8O3−δ would considerably improve the efficiency and performance of
IT-SOFCs. Such materials which also have good long time durability, would promote
the broad application of SOFCs.
New approach for SOFC cathodes: two-phase mixed ionic electronic conductors
The active sites of (electro)catalysts are often defects or exposed sites on the surface
where oxygen is adsorbed, reduced, dissociated, and incorporated into the electrolyte
or MIEC. An example for catalytically active point defects are highly mobile oxygen
vacancies on the surface of perovskite-type MIECs which were identified to accelerate
the ORR [5].
Also grain boundaries, which are interruptions of the perfect crystal structure, repre-
sent extended defects which can potentially increase the catalytic activity. An example
is enhanced ORR at grain boundaries of (La0.8Sr0.8)0.95MnO3−δ PLD films [6, 7].
Hetero-interfaces can also have peculiar properties compared to the bulk phases. For
example, along CaF2 / BaF2 and Ce0.9Gd0.1O1.95 / Zr0.92Y0.08O1.96 hetero-interfaces the
F− and, respectively, the O2− conductivity is increased compared to the ionic conductiv-
ity of both phases [8–10]. Another example are Li2O / Ru hetero-interfaces in contact
with a liquid Li+ electrolyte. Their triple phase boundaries are able to incorporate and
store Li in the hetero-interface by a job sharing mechanism where Li+ is stored in the
oxide and the electron in the metal [11].
Also for the catalytic activity on the ORR, effects of hetero-interfaces are reported
in literature. When investigating the ORR in ceramic perovskite-type La0.6Sr0.4CoO3−δ
(P) by 18O oxygen tracer exchange and secondary ion mass spectrometry (SIMS),
Kawada and Sase et al. 2006 [13] reported small impurities of (La,Sr)2CoO4±δ
Ruddlesden-Popper phase (R) dispersed in P, and an increased concentration of ex-
changed 18O at the surface of the P/R hetero-interfaces (= TPBs). They interpreted
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Figure 1.3: A partially overlapping (La0.75Sr0.25)2CoO4+δ (Ruddlesden-Popper phase, R) on
La0.6Sr0.4CoO3−δ (perovskite phase, P) PLD film showing larger concentration of exchanged
18O at the TPB compared to the P and R surfaces in SIMS [12] indicating ORR activity
enhancement ("TPB effect"). GDC is gadolinium doped ceria. Right figure adapted with
permission from Sase et al. [12]. Copyright 2008, The Electrochemical Society.
their findings as an enhanced ORR at the P/R/O2 TPB for which a maximum local ef-
fective rate constant k∗ = 8 ·10−6 cm/s at 500 °C in 1 bar oxygen was calculated, which
is about three orders of magnitude larger than the value for the surface of single-phase
P [14]. This indicates that a combination of two MIECs with good ORR activity (pure
R also has some ORR activity) may become an even more active material by TPBs,
which will be denoted as the "TPB effect" in this thesis and more quantitatively defined
in Section 2.4.
Following up, Sase et al. prepared samples with a P/R TPB where they controlled the
phase composition by two partially overlapping dense PLD films using a shadow mask
[12, 15], see Fig. 1.3. There they not only found a larger concentration of exchanged
18O at the La0.6Sr0.4CoO3−δ / (La1−ySry)2CoO4±δ hetero-interface (y = 0.25, 0.5), but
also at the surface of R / Ce0.9Gd0.1O1.95 (substrate) hetero-interface. They tentatively
interpreted these findings as an enhanced ORR surface path at the TPB due to the
good catalytic activity but the relatively low ionic conductivity of R.
In 2010, Crumlin et al. [16] followed a different approach (Fig. 1.4) where the overall
activity of a two-phase film with a high density of P/R/O2 TPBs (large TPB length per
surface area), is analyzed and compared to the activity of single-phase P and R films
(integrated activity measurement vs. local activity measurement of Sase et al.). They
deposited a 85 nm thin dense La0.8Sr0.2CoO3−δ (P) film by PLD and subsequently small
amounts of (La0.5Sr0.5)2CoO4±δ (R) (down to nominally 0.1 nm thickness). Because the
amount was less than/close to one unit cell thickness (about 1.2 nm in [001] direction),
the authors suggested that R was only partially covering the P bottom layer by small
4
CHAPTER 1. INTRODUCTION
85 nm La0.8Sr0.2CoO3-δ  
O2 
impedance 
spectroscopy 
0.1 – 15 nm R 
YSZ substrate (electrolyte) 
5 nm GDC  
Figure 1.4: Dense La0.8Sr0.2CoO3−δ (P, LSC113) PLD film microelectrodes show up to
three orders of magnitude higher activity when they are partially covered with 0.1 – 5 nm
(La0.5Sr0.5)2CoO4±δ (R, LSC214) compared to single-phase P or P covered with 15 nm R [16].
Effective rate constants kq were measured at 550 °C. GDC is gadolinium doped ceria. Right
figure adapted with permission from Crumlin et al. [16]. Copyright 2010, American Chemical
Society.
islands or crystallites which would result in high TPB densities (however, no sufficient
characterization of surface morphology and phases was given).
Crumlin et al. investigated the ORR activity of microstructured film electrodes by
electrochemical impedance spectroscopy (EIS) and compared the results with single-
layer P films and P films with a 15 nm thick dense R layer on top (assumed to have no
TPBs). Compared to the single-phase P reference films without additional layer, the
nominally 0.1 nm R decorated P was one order of magnitude more active at 1 bar O2
and 550 °C (see Fig. 1.4) and three orders of magnitude more active at 10−3 bar O2.
Compared to a 15 nm R layer on P the activity was equal at 1 bar O2 but still one
order of magnitude higher at 10−3 bar O2. Also, compared to P and R films of other
groups the partially covered films were highly active (kq = 2 · 10−6 cm/s, more detailed
comparison in Section 4.3.7).
When Crumlin et al. increased the Sr dopant concentration in P closer to the La/Sr
ratio in R (La0.6Sr0.4CoO3−δ / (La0.5Sr0.5)2CoO4±δ) [17] the absolute activity of the R
decorated P did not change significantly, but the strength of the "TPB effect" decreased
due to a higher activity of P used for comparison. Mutoro et al. from the same group,
2011 decorated thin La0.8Sr0.2CoO3−δ PLD films with small amounts of SrO, La2O3 and
Co oxide [18]. They found a significant ORR activity enhancement for SrO decorated
P films (similar to decoration with Sr rich R, but yielding lower activity enhancement
[16]), in contrast to La oxide decoration (no change) or Co oxide decoration (decreased
activity).
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Present approach for investigation of (La,Sr)CoO3−δ / (La,Sr)2CoO4±δ two-phase
MIEC samples In this work an integrated activity measurement approach for investi-
gation of ORR enhancement at P/R hetero-interfaces was chosen (Fig. 1.5). In contrast
to ref. [16], two-phase thin film samples with geometrically well-defined TPBs and ref-
erence samples with single-phase P and single-phase R were used. In this way it was
excluded that a bottom P layer influences the activity of the 15 nm thin R layer on
top by leaks, texture, dopant redistribution, strain, etc.. The approach of integrated
activity measurement has the advantage that an electrochemical experiment is closer
to fuel cell application. Two-phase cathode films with a high TPB density are prepared
to explore the limits of this kind of potential SOFC cathode materials. Since the ORR
activity is measured in situ (no quenched samples as in oxygen tracer experiments) the
influence of more parameters (pO2 , T , t) can be investigated during one experiment.
To draw clear conclusions on the ORR activity enhancement by hetero-interfaces, it
is necessary to use pore-free two-phase films with varying and known TPB densities
(TPB length per surface area) and suitable single-phase reference films to estimate the
ORR activities of the P and R surfaces in the two-phase samples which can not be
individually measured by EIS.
La0.7Sr0.3CoO3-δ (La0.7Sr0.3)2CoO4+δ 
self-assembled P/R 
two-phase film (SATP) 
R P 
P R 
TPB 
Figure 1.5: Scheme of dense film samples (top view) used to investigate effects of P/R
hetero-interfaces (P/R/O2 triple phase boundaries, TPBs, deep red lines) on the oxygen
reduction reaction. Nanoscopic TPB rich self-assembled P/R two-phase PLD films (SATP
films) are prepared by phase separation from a PLD plasma with average cation composition
for two-phase formation. The scheme shows a simplified square grid model, the actual SATP
samples have a far more complicated morphology. Single-phase films with same average La/Sr
ratio in P and R are used as reference materials.
The nominally 100 nm thick TPB rich two-phase films in this work are prepared in
a single step by deposition of a PLD plasma with average composition of P and R, e.g.
a 50 : 50 molar mixture. The phases are expected to separate during crystallization on
the heated substrate by spinodal decomposition (Fig. 1.6a) according to the thermody-
namically stable coexistence of P and R in a wide composition range of the La-Sr-Co-O
system ([19], Section 2.1). These samples form vertically aligned nanocolumns (VAN)
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yielding TPBs on the surface. Those La-Sr-Co-O films consisting only of P and R and
no other phases, will be denoted as "self-assembled two-phase films" (SATP films).
a) b)
Figure 1.6: a Scheme of the spinodal decomposition’s temperature dependence, e.g., of
a pulsed laser plasma plume into a AO/BO two-phase system. b SEM image (top view) of
vertically aligned nanocolumns of CoFe2O4 spinel in a matrix of BiFeO3 (perovskite structure),
pulsed laser deposited on a SrTiO3 substrate. Figures reproduced with permission from
MacManus-Driscoll [20] and Zheng et al. [21]. Copyright 2010 and 2006, John Wiley & Sons.
Reference [22] gives a good overview on PLD deposition of two-phase systems in
the form of VAN thin-films. Perovskite crystal structures are often used for VAN
films, usually forming the matrix for columns of the second phase with typically
20 nm to a few 100 nm phase separation length, for example in BiFeO3/CoFe2O4 [21,
23] (Fig. 1.6b). Further examples are La0.7Ca0.3MnO3/MgO [24], SrTiO3/MgO [22],
BaTiO3/Sm2O3 [25], BiFeO3/Sm2O3 [26, 27], BiFeO3/Nd2O3 [22], BiFeO3/Eu2O3
[22], La0.6Sr0.4FeO3/CoFe2O4 [28], BaTiO3/CoFe2O4 [29, 30], PbTiO3/CoFe2O4
[31], BiFeO3/NiFe2O4 [32], BaTiO3/NiFe2O4 [33], La0.7Sr0.3MnO3/Mn3O4 [34],
La0.7Sr0.3MnO3/ZnO [26, 35], La0.7Sr0.3MnO3/CeO2 [36], La0.67Sr0.33MnO3/ZrO2 [37]
and La0.5Sr0.5CoO3/Ce0.9Gd0.1O1.95 [38], where the second phase can e.g. have rock-
salt, spinel, wurzite or fluorite structure. Of special interest for the present work
are two-phase systems with exclusively perovskite related crystal structures, such as
BiFeO3/BaZrO3 VAN films [22], or BaZrO3 and BaSnO3 which form VANs with the
layered perovskite YBa2Cu3O7−δ (YBCO) [39, 40]. Many variations of materials with
different electronic/electrochemical/magnetic etc. properties are possible. A special
feature of all VAN films is the lattice mismatch resulting in a coherent vertical strain
state which can be maintained up to a large thickness, other than in bulk two-phase
materials where strain releases fast e.g. by dislocations. Also, the film growth can be
influenced by the used substrate [22].
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In contrast to the reported two-phase systems in ref. [22], in the present P/R films
the elements of both phases are identical and the crystal structures are closely related
to each other. This may lead to a lower tendency for spinodal decomposition of P/R
and a wider solvus curve in Fig. 1.6b, i.e. a tendency for P to dissolve in R and of R to
dissolve in P resulting in higher-order R type phases.
The goal is a highly dispersed (nm scale) two-phase film with a high TPB length
LTPB per electrode surface area A, having a high "TPB density" lTPB = LTPB/A. One
important aim of this thesis is to investigate if there is a (proportional) relationship
between the TPB density and the strength of the ORR activity enhancement compared
to the reference samples. For the present approach samples with a high variation in
crystallite size are necessary by varying the deposition conditions of SATP films. At
the same time the phases have to be identified in nanoscopic SATP films and their TPB
densities have to be determined.
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2 Theory
2.1 Thermodynamics of the La-Sr-Co-O system
(La,Sr)CoO3−δ (P, perovskite phase) and (La,Sr)2CoO4±δ (R, Ruddlesden-Popper
phase) powders coexist at 1100 °C in air without the formation of other phases in
the La-Sr-Co-O system over a wide range of La/Sr ratios [19, 41], see field III in the
phase diagram in Fig. 2.1. The overall cation ratios ξi in the La-Sr-Co-O system are
ξi =
ni
nLa + nSr + nCo
(2.1)
where i = La, Sr, Co and ni are the molar amounts of cations in the La-Sr-Co-oxide.
The "total Sr fraction z" will be used in this work as a measure for the average La/Sr
ratio in La-Sr-Co-O multi-phase samples, especially P/R two-phase samples:
z ≡ ξSr
ξLa + ξSr
(2.2)
z = x · nP + y · 2 · nR
nP + 2 · nR . (2.3)
The latter equation is only valid for pure P/R two-phase systems where molar amounts
of P and R are nP and nR. In Fig. 2.1 the blue line indicates compositions with z = 0.3.
x and y in Equation (2.3) are the Sr doping fractions of the A-site in La1−xSrxCoO3−δ
(P) and in (La1−ySry)2CoO4±δ (R) and are denoted as "Sr fraction in P x" and "Sr
fraction in R y" in this work. The Sr fractions in P and R are not necessarily equal.
The purple section in Fig. 2.1 marks the compositions of pure P/R two-phase systems
with z = 0.3 which were used for thin film experiments in this work.
As a measure for the Co ratio in a La-Sr-Co-O sample the molar "R fraction w" will
be used in this work, defined by
w ≡ 1
ξCo
− 2 (2.4)
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Figure 2.1: Phase diagram of the La-Sr-Co-O system at 1100 °C in air. Figure
adapted with permission from Cherepanov et al. [19], copyright 1998, Springer. The
blue line shows compositions with a total Sr fraction z = 0.3 (2.2) used in the present
work, the purple section indicates the P/R two-phase compositions which were in-
vestigated. w is the molar R fraction in pure P/R two-phase systems according to
Equation (2.4). The phase composition in the fields are: I - CoO + La1−xSrxCoO3−δ;
II - CoO + La0.2Sr0.8CoO3−δ + Sr2Co2O5; III - La1−xSrxCoO3−δ + (La1−ySry)2CoO4±δ;
IV - La0.2Sr0.8CoO3−δ + (La0.45Sr0.55)2CoO4−δ + Sr2Co2O5; V - (La0.45Sr0.55)2CoO4−δ
+ Sr2Co2O5 + Sr3Co2O6+δ; VI - (La0.45Sr0.55)2CoO4−δ + Sr3Co2O6+δ + SrO;
VII - La2O3-SrO solid solution + La1−xSrxCoO3−δ (0 ≤ x ≤ 0.06); VIII - La0.95Sr0.05CoO3−δ
+ (La0.7Sr0.3)2CoO4+δ + La2O3-SrO solid solution with fixed composition; IX - La2O3-SrO
solid solution + (La1−ySry)2CoO4±δ; X - (La0.45Sr0.55)2CoO4+δ + La2O3-SrO solid solution
with fixed composition + SrO.
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w = nR
nP + nR
. (2.5)
It equals the R fraction in pure P/R two-phase systems (2.5). For example, a La-Sr-Co-
oxide with w = 0.5 is a 1:1 molar mixture of P and R (see Fig. 2.1). When ξCo of the
sample is known, w can be calculated. If other phases than P and R are included in
the La-Sr-Co-O system the theoretical R fraction w will still be used to express the Co
ratio (2.4) and can also be outside the range of 0 – 1. For w < 0 (field I in Fig. 2.1)
the formation of a CoO/P two-phase system was found in ref. [19], for w > 1 (field
IX) a R/La2O3-SrO solid solution two-phase system was found. For high w (almost 1)
and z < 0.3 a part of R decomposes into La2O3-SrO solid solution and P with fixed
x = 0.05 (field VIII). These phases mark the thermodynamic composition limits of the
pure P/R two-phase system mainly investigated in this work (z = 0.3). This low Sr
fraction has the advantage that the ORR activity contribution of P is quite weak in
P/R two-phase films and therefore TPB effects should be better recognizable.
2.2 Structure, defect model and electrochemical
properties of (La,Sr)CoO3−δ and (La,Sr)2CoO4±δ
Figure 2.2: ABO3 perovskite structure (P, left) and structure of A2BO4 first-order
Ruddlesden-Popper phase (R, right). White spheres are A-site cations La and Sr, black
spheres are B-site cations Co. Oxygen ions are located in the corners of the octahedra.
Figure adapted with permission from Matsuura et al. [42]. Copyright 1988, Elsevier.
(La,Sr)CoO3−δ (P, perovskite structure) La1−xSrxCoO3−δ with 0 ≤ x ≤ 0.8 [19]
crystallizes in the perovskite-type structure ABO3, see Fig. 2.2 with A = La, Sr and
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B = Co. In this structure the smaller B-site cation Co3+ (0.58 Å in intermediate
spin = mean of low spin and high spin [43]) is sixfold coordinated by O2− oxygen ions
forming BO6 octahedra which share O2− corners in all three dimensions. The larger
A-site cation (La3+ 1.36 Å, Sr2+ 1.44 Å [43]) is centered in the middle of eight of these
octahedra resulting in a 12-fold coordination of A by oxygen ions. Depending on the
Goldschmidt tolerance factor
tG =
rA + rO√
2 · (rB + rO)
(2.6)
the structure for La1−xSrxCoO3−δ is either cubic (space group Pm3¯m) with x ≥ 0.5
(tG ≈ 1) or rhombohedrally distorted (space group R3¯c) for lower Sr fractions at
room temperature [19, 44, 45] (rO = 1.40Å). La0.7Sr0.3CoO3−δ transforms into the
cubic structure at 700 °C in pure oxygen due to a second-order ferroelastic to parae-
lastic phase transition [45]. The perovskite structure is stable for some variations
in the ionic radii (0.9 . tG . 1), reflected by compounds such as SrTiO3, BaZrO3
and (La,Ba,Sr)(Mn,Fe,Co)O3−δ, and can tolerate moderate A-site deficiency as in
(La0.8Sr0.2)0.95MnO3+δ [46]. In bulk La0.5Sr0.5CoO3−δ B-site and A-site deficiencies are
virtually not tolerated [47]. Perovskite structure materials are under investigation for
or already used in diverse applications such as superconductors, electroceramics and
catalysts, see e.g. refs. [48, 49].
La1−xSrxCoO3−δ will be abbreviated as P in the present work, typically with x = 0.3
if nothing else is mentioned. A characteristic feature is the formation of electron holes
h q and oxygen vacancies V q qO when Sr2+ is substituted for La3+. In order to compensate
the negative charge of the acceptor doping Sr′La, ionic (V
q q
O) and electronic defects (h
q)
are formed according to the electroneutrality condition in Kröger–Vink notation [50]
cSr′La
= 2cV q qO + ch q (2.7)
where c denotes the defect concentration. At sufficiently high temperature, the oxygen
vacancies are in equilibrium with oxygen in the gas phase (see e.g. ref. [51])
2V q qO + O2 
 2OxO + 4 h q (2.8)
KO =
a(h q)2
pO2 · a(V
q q
O)2
(2.9)
where KO is the mass action constant, a(i) the activity of the species i and pO2 is the
12
CHAPTER 2. THEORY
oxygen partial pressure. At typical SOFC operating conditions, these equilibria result
in an oxygen deficiency δ of about 0.02 in P with x = 0.3 at 700 °C in air [52]. The V q qO
point defect concentration increases with increasing temperature (defect formation is a
endotherm), and at decreasing pO2 according to Equation (2.9) [52, 53].
Owing to a very high mobility of electron holes, P exhibits an excellent electronic
conductivity σeon (Table 2.1). The mobility of the ionic charge carrier is much lower
but especially for large x, i.e. large oxygen vacancy concentrations cV q qO , good oxygen
ion conductivities σion (Table 2.1) can be realized nevertheless according to the Nernst-
Einstein equation
σion =
4 · F 2 · cV q qO ·DV q qO
R · T (2.10)
where F is the Faraday constant, R is the gas constant, T the absolute temperature and
DV
q q
O
the oxygen vacancy diffusion coefficient. Diffusivities D∗ obtained from oxygen
tracer experiments can be converted to σion using
cV
q q
O
·DV q qO = D∗ · cOf (2.11)
where cO is the total concentration of lattice oxygen and f = 0.69 is the correlation fac-
tor in P which depends on the oxygen ion migration mechanism and the crystallographic
lattice [54].
(La,Sr)2CoO4±δ (R, Ruddlesden-Popper phase) (La1−ySry)2CoO4±δ with
0.3 ≤ x ≤ 0.55 [19] (in air) crystallizes in the tetragonal K2NiF4-type structure
(space group I4/mmm) which is also known as the first-order Ruddlesden-Popper
phase and will be denoted as R in the present work (y = 0.3 if nothing else is men-
tioned). It is closely related to the perovskite structure, consisting of alternating layers
of staggered ABO3 and AO (rock salt structure), see Fig. 2.2 on the right. Similar to
the perovskite structure also the Ruddlesden-Popper phase is stable for some variations
in the ionic radii [55–57]. The composition of the first-order Ruddlesden-Popper
phase is A2BO4. Higher-order Ruddlesden-Popper phases are formed when more than
one layer of ABO3 alternates with AO, the nominal composition of the nth-order
Ruddlesden-Popper Phase is An+1BnO3n+1. Second-order R Sr3Co2O6+δ will form only
at high Sr fractions, and R with y lower than 0.25 – 0.30 is only stable at reducing
conditions [19, 42, 58].
In contrast to P, oxygen interstitials O′′i are formed in the AO plane of R with zero
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(La2CoO4+δ) or low Sr doping [58, 59] according to
O2 
 2O
′′
i + 4 h
q (2.12)
which results in oxygen ion conductivity via interstitialcy mechanism [59–61]. Addi-
tionally electron holes h q are formed yielding good electronic conductivity. When R
is Sr doped, La and Sr ions are disordered over the A lattice sites [62]. In order to
compensate the negative charge of the acceptor dopant the concentration of oxygen in-
terstitials is decreased and/or the concentration of electron holes is increased resulting
in lower ionic and better electronic conductivity (see Table 2.1). Owing to the forma-
tion of electron holes by Sr doping, also the (average) oxidation state of Co2+ increases
to more stable Co2+/3+.
For (La0.7Sr0.3)2CoO4+δ at room temperature δ is 0.05, for y ≥ 0.5 oxygen vacancies
become the predominant ionic defects [58]. Owing to the anisotropic structure of R,
the ionic conductivity along the ab-plane by oxygen interstitials is at least one order
of magnitude higher than along the c-axis [60, 63] (Table 2.1). Also, the conductivity
of both charge carriers decrease with decreasing oxygen partial pressure due to lower
concentrations of oxygen interstitials and p-type electronic carriers [64].
Consequences of similar P and R structure for experiments Since the aim of
this work is to analyze P/R two-phase materials for their ORR activity especially at
the TPBs, it is necessary to individually identify and distinguish both phases even in
nanoscopic materials which yield very high TPB densities and potentially TPB effects.
Owing to their similar composition and structure this is very challenging:
(i) They consist of the same elements, with several overlapping EDX peaks.
(ii) Atomic numbers are in a quite narrow range in the middle of the periodic system
(57 for La, 38 for Sr, 27 for Co), therefore no element contrast is visible in SEM
e.g. for Co or Sr rich regions.
(iii) Their atomic ratios are quite similar, e.g. for x = y = 0.3 it holds that
(La) : (Sr) : (Co) is 35 : 15 : 50 for P and 47 : 20 : 33 for R.
(iv) Because their crystal structure only differs by additional AO layers in R, diffrac-
tograms have many overlapping peaks.
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Table 2.1: Literature data for conductivities in P and R at 600 °C in 1 bar O2 with Sr
fractions x and y relevant for this work. D∗ from refs. [65] and [63] were converted to σion
using Eqs. (2.10) and (2.11) with cO = 0.0897 mol/cm3 for P and 0.0722 mol/cm3 for R.
Ceramic samples were used, except in ref. [63] where PLD films were used. If necessary, data
were interpolated/extrapolated to 600 °C, 1 bar O2. The given Ric refer to the vertical ionic
resistance through a 65 nm thick and 80 µm large microelectrode, calculated with Eq. (3.4).
material σeon σion Ric
S/cm S/cm kΩ
P, x = 0.4 1450 [66] 1 · 10−3 [65] 0.13
P, x = 0.3 1300 [66] 7 · 10−5 [65] 1.85
P, x = 0.2 1500 [66] 4 · 10−6 [65] 32
R, y = 0.35, along ab-plane/c-axis 40 [64] 5 · 10−6/3 · 10−7 [63] 26/431
R, y = 0.3, along ab-plane/c-axis 7 [64] 9 · 10−6/4 · 10−7 [63] 14/323
R, y = 0.25, along ab-plane/c-axis 2 · 10−5/6 · 10−7 [63] 6.5/216
2.3 Oxygen reduction reaction on P and R
In this work "ORR" in general means the oxygen exchange reaction in both directions.
The overall ORR is
1
2 O2 + 2 e
− 
 O2− (2.13)
where the formed oxide ion is incorporated into a V q qO or an empty interstitial site.
From this, four requirements for the cathode of a SOFC can be derived: (i) the reaction
site has to be in contact with the oxygen containing gas phase, (ii) it should conduct
electrons to the reaction site, (iii) catalyze the oxygen reduction and (iv) transport the
formed oxide ions away from the reaction site to the electrolyte. A good SOFC cathode
exhibits low resistances per footprint area. The resistance is determined by the slowest
(limiting) process (i–iv). In cathode materials such as Pt or thick dense LSM films [67]
which exhibit no or very low ionic conductivity in the bulk, the ORR is restricted to
the regions close to the electrode/electrolyte/oxygen TPBs where the formed oxygen
ions can directly be incorporated into the electrolyte. In cathode materials which
exhibit comparably high ionic conductivity, or in which ions have to be transported only
through a thin film to the electrolyte cf. (iv), process (iii) is the limiting process ("bulk
path" [67]) as long as electronic conductivity cf. (ii) is high enough and no concentration
polarization at the surface or pore diffusion limitation of oxygen cf. (i) occurs. In
order to study the intrinsic ORR activity of a cathode material it is necessary to avoid
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limitations by processes (i,ii,iv) and to know the real surface area of the electrode which
is studied. Therefore, pore-free and thin single- and two-phase electrode films were used
where footprint area is equal to the surface area and the ionic conduction is not limiting
(see conductivities given in Table 2.1).
The measure for the intrinsic ORR activity is the effective rate constant k which,
depending on the applied experimental technique, is defined by [51, 68]
jO = −kδ · δcO (2.14)
j18O = −k∗ · δc18O (2.15)
jO = −kq · cO · 2 · F · δφR · T (2.16)
as the ratio between the surface specific oxygen flux jO and the driving force. This
driving force
(i) in experiments based on chemical relaxation (e.g. stoichiometry change by oxygen
partial pressure drop) is the oxygen concentration deviation δcO at the surface
from the equilibrium state (2.14),
(ii) in oxygen tracer experiments it is the concentration deviation δc18O of the tracer
at the surface (2.15) and
(iii) in electrochemical experiments with a mixed conducting electrode attached to an
electrolyte the potential difference δφ at the surface (2.16) [69].
F is the Faraday constant, R is the universal gas constant, T the temperature and
cO is the total molar concentration of lattice oxygen in the ORR active material. The
latter is calculated from XRD densities (not considering oxygen non-stoichiometry) to
be 0.0897 mol/cm3 for P and 0.0722 mol/cm3 for R.
kδ, kq and k∗ are proportional to the equilibrium exchange rate R0 of the ORR
kδ ≈ wO
cO
·∆x ·R0 (2.17)
k∗ ≈ kq ≈ 1
cO
·∆x ·R0 (2.18)
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where ∆x is the spatial distance of 1 – 2 Å involved in the surface reaction between
gas phase and first layer of the oxide and wO is a material specific thermodynamic
factor, defined as wO = cO/(R · T ) · ∂µO/∂cO where µO is the chemical potential. The
equilibrium exchange rate is related to the forward and backward reaction rates −→R and←−
R of the the rate-determining step (elementary reaction) of the overall ORR according
to
R0 =
√−→
R
←−
R =
√−→
k caAc
b
B . . .
←−
k cuUc
v
V . . . . (2.19)
The effective rate constants depend on the concentrations of the species A,B... involved
in the rate-determining step and their reaction orders a, b... which can be utilized to
experimentally identify the ORR mechanism. For example, when the rate-determining
step involves molecular oxygen species and oxygen vacancies, R0 and measured k will
depend on paO2 with a < 1 due to the negative oxygen partial pressure dependence of
defects potentially involved in or before the rate-determining step. When only atomic
oxygen species and oxygen vacancies are involved, a will be < 0.5.
ORR mechanism in P The mechanism for the ORR on MIEC cathodes which exhibit
mobile oxygen vacancies, such as (La,Sm,Sr,Ba)(Mn,Co,Fe)O3−δ, can tentatively be
divided into the following elementary reactions
O2 + MxM 
 O−2,ad + M·M (2.20)
O−2,ad + MxM 
 O2−2,ad + M·M (2.21)
O2−2,ad 
 2O−ad (2.22)
O−ad + V··O 
 O·O (2.23)
O·O + MxM 
 OxO + M·M . (2.24)
For cathode materials which exhibit high oxygen vacancy concentrations at the surface
(such as P), a correlation between the tracer diffusion coefficient and the effective rate
constant was found in ref. [5], see Fig. 2.3a. This finding was interpreted such that the
rate-determining step of the ORR is the approach of an oxygen vacancy to O2−2,ad, which
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corresponds to a combination of Equations (2.22) and (2.23) (oxygen molecule cleavage
by assistance of an oxygen vacancy), see Fig. 2.3b.
a) b)
Figure 2.3: a Relation between effective ORR rate constant kq and tracer diffusion coefficient
D∗ for different oxygen vacancy rich MIECs at various temperatures in 1 bar O2. b Scheme for
ORR mechanism in oxygen vacancy rich MIECs. Rate-determining step (rds) is the approach
of an oxygen vacancy for the cleavage of O2−2,ad. Figures adapted with permission from Wang
et al. [5]. Copyright 2012, Cambridge University Press.
ORR mechanism in R There is less knowledge about the ORR reaction mechanism for
R as it is for P. Due to very few available oxygen vacancies in R it can be hypothesized
that Equation (2.22) is rate determining, since in ref. [5] it was also found that the rate-
determining step for materials with low oxygen vacancy concentration is the dissociation
without assistance by a oxygen vacancy. In ref. [60] on the other hand, cleavage and
incorporation of adsorbed oxygen at the (100) surface into interstitial sites (for undoped
R) or rare surface oxygen vacancies on the AO rock salt layer (for R with y = 0.5) is
suggested as rate-determining step.
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2.4 P/R/O2 "triple phase boundary effect"
(TPB effect) – definition and quantification
In order to investigate peculiar effects of hetero-interfaces on ORR by measuring the
ORR activities of a two-phase sample and two single-phase reference samples it is
necessary firstly to define the "triple phase boundary effect" arising on the surface of
hetero-interfaces in a two-phase mixed conducting cathode material and to separate it
from other phenomena.
Both P and R phases have a certain intrinsic activity for ORR, expressed by effective
rate constants kP and kR. Assuming a certain δφ applied in an electrochemical experi-
ment, different oxygen fluxes jO,P and jO,R can result according to Equation (2.16),
see Fig. 2.4. When both phases coexist in a two-phase material, the flux jO will be a
“triple phase boundary effect” oxygen reduction reaction flux  
(δϕ identical for P and R) 
electrolyte 
(La,Sr)CoO3-δ  
(P) 
(La,Sr)2CoO4±δ  
(R) 
electrolyte 
Ls/2 
jO,P 
jO,R 
space coordinate 
-jO -jO jO,TPB,max 
space coordinate 
jO,P 
jO,R sTPB 
Figure 2.4: Cross-sectional scheme for the "triple phase boundary effect" exemplarily shown
for thin film microelectrodes of a P/R two-phase material on an oxygen ion electrolyte. jO’s
are oxygen fluxes of the oxygen reduction reaction (ORR) at the gas solid interface. As the
microelectrodes have a much higher lateral size compared to their thickness, ORR can be
neglected at the side of electrodes. In this scheme wsurf = wvol = 0.5.
function of the position on the surface of the two-phase material or a function of the
distance to the TPB, respectively. The TPB effect will be defined as an additional
contribution to the ORR activity of the material in the region of hetero-interfaces,
assuming that the activity of the P/O2 and R/O2 interfaces remains unchanged (i.e.
the excess area under the red curve on the right in Fig. 2.4 over the sum of both P and
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R areas from the left). This is the case if the lateral extension of the TPB effect sTPB
is small (few nm) compared to the characteristic phase separation length Ls (tens to
hundreds of nm). Ls is related to the grain size, film morphology and surface fraction
of R wsurf = AR/A where A is the surface area of the whole electrode, AR for R.
The overall oxygen flux JO of a two-phase electrode is
JO = −kq · A · cO · 2 · F · δφR · T = JO,P + JO,TPB + JO,R (2.25)
where kq is the measured average effective rate constant of the two-phase electrode.
The contributions of P, TPB and R to the ORR JO,P , JO,TPB and JO,R are
JO,P = −kqP · AP · cO,P ·
2 · F · δφ
R · T (2.26)
JO,TPB = −kqTPB · A · c¯O ·
2 · F · δφ
R · T (2.27)
JO,R = −kqR · AR · cO,R ·
2 · F · δφ
R · T . (2.28)
AP is the surface area of P and c¯O the average cO of P and R. Owing to the unknown
sTPB, the effective rate constant kqTPB for the additional contribution of TPBs to the
ORR activity is related to the whole electrode surface area A per definition. When
assuming that δφ is equal in the whole electrode (pure surface limitation for sufficiently
high ionic conductivity) and neglecting small differences in cO for P and R, Equations
(2.25) – (2.28) can be combined to
kq · A = kqP · AP + kqTPB · A+ kqR · AR . (2.29)
Because kqP , k
q
TPB, k
q
R in two-phase materials can not be directly determined by elec-
trical experiments, superscript q will be only used for effective rate constants that were
directly measured. Equation (2.29) can be further simplified with the surface area frac-
tion of R wsurf and AP = A− AR to obtain the relationship between measured kq and
the single contributions to ORR activity
kq = kP · (1− wsurf) + kTPB + kR · wsurf . (2.30)
If grains grow in a columnar way as in Fig. 2.4, wsurf is equal to the volume fraction
wvol which can be obtained by chemical analysis of the dissolved film:
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wsurf =
AR
A
≈ wvol = VR
V
(2.31)
with V is the volume of the whole electrode, VR for R. Porosity and (large) roughness
would increase A and the activity contributions per electrode footprint area of P and
R but can be neglected for the dense films investigated in the present work.
By the definition used, kTPB scales with the density of the triple phase boundary
length lTPB (length per area), see Equations (2.32) and (2.33). k′TPB is the length
specific activity of TPBs (volume per length and time), i.e. the magnitude of the
TPB effect. The TPB density lTPB is inversely proportional to the characteristic phase
separation length Ls for qualitatively identical two-phase geometries, e.g. a chessboard
structure (Fig. 1.5) with varying square size.
kTPB = k′TPB · lTPB (2.32)
lTPB =
LTPB
A
∝ 1
Ls
(2.33)
The aim of this work is to determine the magnitude of the TPB effect k′TPB for a P/R
two-phase SOFC cathode close to operating conditions and in best case to determine
its strength as a function of other parameters. Therefore on one hand kP (x) for the
actual Sr fraction in P and kR(y) for the actual Sr fraction in R and wvol in the two-
phase material must be known to obtain a reference activity kref (2.34) of a two-phase
material without any TPB effect. It is important to use activities of single-phase P
and R electrodes with the Sr content that will be established in the two-phase material
because activities depend on the Sr doping contents x and y in P and R.
kref = kP (x) · (1− wvol) + kR(y) · wvol (2.34)
On the other hand the density of the triple phase boundary length lTPB must be deter-
mined, which is not easy for nanoscopic materials with two very similar phases. Then
one can relate the difference between measured kq and kref to the amount of TPBs as:
k′TPB =
kTPB
lTPB
= k
q − kref
lTPB
. (2.35)
Depending on material properties and the magnitude (k′TPB) and lateral extension
(sTPB) of the TPB effect some general conclusions can be drawn for the overall activity
of α/β two-phase cathodes compared to the single-phase cathode of the more active
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phase α:
(i) Depending on thermodynamics and kinetics not every α/β combination can form
stable two-phase cathodes.
(ii) The TPB density lTPB and therefore the additional contribution of TPBs to ac-
tivity kTPB depends on Ls. However, the smaller the crystallites in a two-phase
material, the larger the hetero-interface area and the higher the surface energy
which results in sintering tendencies at high temperatures. Furthermore it is ex-
pected that the TPB effect has a certain lateral extension (sTPB > 0), which means
that below a certain Ls there is no additional TPB contribution to activity when
Ls gets even smaller (but these small Ls in the range of a few nm are practicably
not achievable).
(iii) If kα = kβ there is an ORR activity enhancement for every lTPB and wsurf as long
as k′TPB > 0.
(iv) If kα > kβ there is a certain minimum lTPB, depending on k′TPB and wsurf, which
must be exceeded to obtain an ORR activity enhancement. If lTPB is much higher
than this minimum TPB density, the ORR activity of the material is determined
by TPBs and wsurf does not play an important role (e.g. wsurf can be tuned to
reach highest possible lTPB). If on the other hand lTPB is in the range of the
minimum TPB density, a lower wsurf of the less active phase β will improve the
ORR activity of the two-phase material.
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3 Experimental
Most experiments were performed with thin film samples, which comprise one or two
(SATP films) or more phases of the La-Sr-Co-O system and therefore can contain TPBs
at the surface of the films at hetero-interfaces. Thin films were prepared with pulsed
laser deposition (PLD) on single crystalline yttria-stabilized zirconia (YSZ) substrates.
Only dense films have been electrochemically analyzed (see SEM and TEM in Sections
4.2.1, 4.2.2), because in porous films the active surface area is very difficult to quantify.
Owing to the complexity of investigating oxygen reduction kinetics at TPBs in mixed
conductors, samples with two coexisting P and R phases are required for which the
TPB density lTPB (2.33) and the Sr doping content in the P and R phases x and y
can be quantified. An even bigger challenge is to control their TPB density or even
the type of TPBs (crystallite orientation at hetero-interface). In addition, single-phase
reference samples are required that are suitable to determine reference ORR activities
at the P and R surface in two-phase films.
La-Sr-Co-O thin film 
preparation by PLD                   
(Section 3.1.2) 
microelectrode 
preparation by 
photolithography 
(Section 3.1.2) 
La-Sr-Co-O                    
PLD target preparation              
(Section 3.1.1) 
morphological and 
chemical characterization                  
(Section 3.2,                
results in 4.1 and 4.2) 
electrochemical characterization 
(ORR activity) of microelectrodes 
by EIS (Section 3.3,                          
results in 4.3) 
“fresh” films 
“used” 
  films 
Figure 3.1: Experimental workflow scheme. Boxes symbolize single processes which are
described in the given experimental sections. Arrows illustrate sample flow.
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3.1 Sample preparation
3.1.1 La-Sr-Co-O powders for pulsed laser deposition (PLD)
targets
Thin oxide films were prepared by pulsed laser deposition (PLD). A characteristic fea-
ture of PLD is to deposit materials from its bulk form (i.e. from the target) to thin
film form, with (almost) preserving the cation ratios ξi [70] with i = La, Sr, Co. The
crystallographic structure of the material in the target does not play a role for the
process, because the PLD plasma plume contains only atoms, ions or smaller clusters.
Thus, the phase formation in the film samples depends on the PLD conditions (sub-
strate, substrate temperature, pO2 , deposition rate, laser pulse energy density) and the
La-Sr-Co-O element ratio in the PLD target only. For covering a wide range of pos-
sible La1−xSrxCoO3−δ / (La1−ySry)2CoO4±δ two- or single-phase compositions, several
La-Sr-Co-O powders and PLD targets (Table 3.1) have been prepared as described
below. Powder samples have also been used to determine the Sr distribution thermo-
dynamics between La1−xSrxCoO3−δ and (La1−ySry)2CoO4±δ by XRD in Section 4.1.
The precise cation ratios in targets and films were determined with ICP-OES chemical
analysis, performed by Gerhard Werner of the Central Scientific Facility, Max Planck
Institute for Intelligent Systems, Stuttgart.
Glycine nitrate process from nitrate solutions Glycine nitrate processes of La-Sr-
Co-O powders with z = 0.21, 0.4, 0.5, 0.6, 0.7 were performed by Annette Fuchs, Max
Planck Institute for Solid State Research. Following the process described in ref. [71],
solutions of about 1 M concentration have been prepared from bi-distilled water and
(i) La(NO3)3 · 5 – 10 H2O (99.9 %, Aldrich, Germany )
(ii) Sr(NO3)2 (99 %, for analysis, Riedel-de Haen, Germany)
(iii) Co(NO3)2 · 6 H2O (98+%, A.C.S., Sigma-Aldrich, USA) .
The La(NO3)3 solution was filtered twice with a fine-pored paper filter because of
clouding. Precise concentration was determined by ICP-OES chemical analysis. De-
pending on La-Sr-Co cation ratio, the required amounts of solution were calculated to
give 7 g of product (Table 3.1), enough for the preparation of two PLD targets. The
solutions were mixed in a 3 L beaker and glycine (99+%, for analysis, Acros Organics,
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Table 3.1: Prepared La-Sr-Co-oxide powders and PLD targets. The composition is given in
terms of nominal R fraction wnom, nominal total Sr fraction znom and corresponding cation
ratios ξi. The phases were identified by powder XRD in Section 4.1. The last row gives the
relative density of sintered targets. ρtarget was derived from weight, diameter and thickness
of the sintered target, ρ was calculated by superposition of the XRD densities of P and R
(Table 4 in the appendix). For isostatically pressed targets ρtarget was not measured.
wnom znom composition (XRD) ξLa ξSr ξCo ρtarget/ρ
-0.17 0.30 La0.7Sr0.3CoO3−δ, Co3O4 0.318 0.136 0.545 -
-0.13 0.30 La0.7Sr0.3CoO3−δ, Co3O4 0.326 0.140 0.535 -
-0.09 0.30 La0.7Sr0.3CoO3−δ, Co3O4 0.333 0.143 0.524 -
0.00 0.00 LaCoO3−δ 0.500 0.000 0.500 -
0.00 0.30 La0.7Sr0.3CoO3−δ 0.350 0.150 0.500 0.90
0.05 0.30 (La,Sr)CoO3−δ, (La,Sr)2CoO4+δ 0.359 0.154 0.487 -
0.25 0.30 (La,Sr)CoO3−δ, (La,Sr)2CoO4+δ 0.389 0.167 0.444 0.93
0.50 0.21 (La,Sr)CoO3−δ, (La,Sr)2CoO4+δ 0.474 0.126 0.400 -
0.50 0.30 (La,Sr)CoO3−δ, (La,Sr)2CoO4+δ 0.420 0.180 0.400 0.86
0.50 0.40 (La,Sr)CoO3−δ, (La,Sr)2CoO4+δ 0.360 0.240 0.400 -
0.50 0.50 (La,Sr)CoO3−δ, (La,Sr)2CoO4±δ 0.300 0.300 0.400 -
0.50 0.60 (La,Sr)CoO3−δ, (La,Sr)2CoO4−δ, 0.240 0.360 0.400 -
Sr3Co2O6+δ
0.50 0.70 (La,Sr)CoO3−δ, (La,Sr)2CoO4−δ, 0.180 0.420 0.400 -
Sr3Co2O6+δ
0.75 0.30 (La,Sr)CoO3−δ, (La,Sr)2CoO4+δ 0.445 0.191 0.364 0.88
1.00 0.30 (La0.7Sr0.3)2CoO4+δ 0.467 0.200 0.333 0.85
1.00 0.60 (La0.4Sr0.6)2CoO4−δ 0.267 0.400 0.333 -
USA) was added in the molar ratio nglycine : nNO−3 = 0.5 (empirically determined for
modest decomposition reaction behavior) and dissolved. The solution was heated to
vigorous boiling in a hood while being magnetically stirred. The electric heater was ad-
justed to a hotplate temperature of 300 °C. When the solution became syrup-like after
ca. 15 minutes, the stirrer was removed and the beaker covered by a watch-glass. The
heater temperature was increased to 500 °C and after 5 – 15 minutes, the (partially)
dried gel ignited and combusted usually smoothly, resulting in a brown ash. After that,
the beaker was kept at 500 °C for another 30 minutes to complete the combustion. The
brown ash (usually with some small bright pieces of unconverted educt remaining) was
collected and ground in a mortar until a uniform color was obtained. This reaction was
performed with precaution in a well vented fume hood with beaker outlet directed to
the wall. Co(NO3)2 is toxic and the combustions are sometimes violent or still take
place when collecting the ash.
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La-Sr-Co-O powder preparation from glycine nitrate process ash The ash was
transferred to alumina crucibles and heated to 600 °C for 3 h in air (10 K/min) to finally
complete the combustion. The calcined ash was ground in a mortar and transferred
again to the alumina crucibles. This powder is supposed to be a nano-disperse mixture
of La-Sr-Co-oxides (20 nm particles which show small fraction of XRD crystallinity
in ref. [71]) with short enough ion diffusion lengths to react completely to defined
and thermodynamic stable crystalline phases at elevated temperature. Crystallization
occurred at 1200 °C for 2 h in air (heating rate 10 K/min), followed by a slow cooling to
300 °C (5 K/min) and keeping this temperature for at least 8 h in order to equilibrate
oxygen non-stoichiometry. This non-stoichiometry was "frozen-in" by cooling to room
temperature within 15 minutes to get a defined oxygen deficiency for further XRD
analysis. The powder was ground in a mortar again. XRD yielded crystalline phases,
especially of P and R. No other elements than La, Sr, Co (and O) were detected by
ICP-OES chemical analysis.
La-Sr-Co-O powder preparation from metal oxides and carbonates Some
La-Sr-Co-O powders which were not used for Sr distribution experiments were prepared
by conventional solid state synthesis. The following powders were mixed according to
the ratios given in Table 3.1 for wnom = -0.17, -0.13, -0.09 and 0.05:
(i) La2O3 (99.9 %, Alfa Aesar, USA), contains small amounts of H2O and CO2 there-
fore a real molar mass of 163.4 g/mol was derived from thermogravimetric analysis.
(ii) SrCO3 (99.9 %, Aldrich, Germany)
(iii) Co3O4 (99.7 %, Alfa Aesar, USA)
Then they were annealed at 1080 °C for 4 h, ball milled, annealed at 1150 °C for 6 h,
ball milled and again annealed at 1150 °C for 6 h and ball milled. XRD showed P and
R reflections and surplus Co3O4 in powders with w < 0.
PLD target preparation from La-Sr-Co-O powder Prior to pressing, the raw mate-
rial was ball milled for one hour (dry milling in a zirconia ball mill) to increase sintering
ability. The powder (about 2 g) was compacted to green bodies in a uni-axial press
(PO/Weber, Germany) at 100 MPa for 5 minutes in a 17 mm diameter steel die. To
avoid brittle/broken green bodies, full pressure was applied slowly within 30 s. To avoid
sticking, the die was cleaned prior to every use with ethanol and by pressing one or
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two layers of paper towels (4.4" x 8.4" Precision Wipes, Kimtech Science, USA) until
no abrasion was visible any more. Additionally, the front end of the piston was covered
with an adhesive tape protection layer (Magic Scotch Tape, 3M, USA). After pressing,
the outer layer of the green body was removed gently by emerizing with a rough paper
towel in order to remove possible steel abrasion from the die.
Sintering was done in alumina crucibles at 1350 °C (pure P targets at 1300 °C)
for 12 h (heating rate 5 K/min, cooling rate 2.5 K/min) in pure oxygen atmosphere.
After sintering, the targets have been emerized by diamond pads (P500, Festool GmbH,
Germany) instead of SiC or corundum emery paper to avoid contamination by other
elements than carbon. Especially Si is a critical impurity because it is supposed to
deactivate cathode films by covering them with a SiO2 sealing layer at high temperatures
[72]. Targets with high R or high Sr content turned out to be more brittle.
The La-Sr-Co-O powders prepared from metal oxides and carbonates were isostati-
cally pressed (3.1 g per target) and sintered as described above.
Figure 3.2: Diverse La-Sr-Co-oxide targets sintered at 1350 °C (1300 °C for pure P, 2. and
4. from the left). The alumina crucible was dyed blue after sintering due to Co incorporation.
3.1.2 La-Sr-Co-O thin films by PLD and microstructuring
All films were prepared by Benjamin Stuhlhofer from the Technology Service Group of
the Max Planck Institute for Solid State Research.
A custom-made PLD chamber was used, powered by a KrF excimer laser (LPX200,
Lambda Physik, Germany) with λ = 248 nm, 72 mJ per pulse, focused to 1.6 J/cm2
and equipped with three rotating target holders making it possible to change the target
during the deposition process. The target has 40 mm distance to the substrate holder.
Before setting up the PLD chamber, the targets were emerized by diamond pads (P500,
Festool GmbH, Germany) to prepare a fresh target surface for every PLD run. Then the
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chamber was evacuated to 5 · 10−6 mbar background pressure and the oxygen flux was
controlled as to maintain a certain pO2 (vacuum pump still running) for oxide film de-
position. Prior to film deposition, the substrate was covered by a shutter and the target
surface was cleaned by laser pre-ablation for 3 minutes on the shutter. The substrate
holder was heatable up to 1150 °C using Pt heating wires, with the temperature being
measured by thermocouples; the substrate surface temperature was calibrated with a
pyrometer for a comparable material (SrTiO3) whereby the substrate has an emissivity
of  = 0.913 when film deposition starts, and 0.85 when 100 nm oxide film is deposited.
The substrate holder temperature was adapted during growth, to keep the substrate
surface temperature Tdepo constant (a temperature error of ±10 K is expected). Some
samples comprise a bi-layer structure, e.g. a 10 nm P buffer layer and a 100 nm SATP
top layer. If a second layer was deposited, the substrates were kept at deposition tem-
perature while the changed target was pre-ablated for 3 minutes with closed shutter.
After deposition, the temperature was decreased to post-annealing temperature Tpa and
pO2 was increased to 1 bar for 30 minutes, before cooling down to room temperature.
This post-annealing should oxidize the film to its equilibrium oxygen stoichiometry.
The PLD process was always run with four YSZ substrates at once. One substrate
is a 5 mm x 5 mm x 0.5 mm polished single crystal of 9.5 mol-% Y2O3-doped ZrO2
(Zr0.905Y0.095O1.95), in (100)-orientation (CrysTec, Germany). It has an average rough-
ness below 0.129 nm, with maximum peak/valley distance of 1.83 nm in the analyzed
area in Fig. 3.3a (AFM image supplied by CrysTec). Fig. 3.3b shows a SEM image were
small polishing scratches can be observed. Substrates have been ultrasonically cleaned
in isopropyl alcohol for 5 minutes prior to deposition. Three different batches of YSZ
substrates have been used in this work.
For La-Sr-Co-O films the same deposition rate as for (La,Sr)MnO3±δ (LSM) film
deposition was assumed to calculate the nominal film thickness. LSM was deposited
with 0.27 Å/pulse under comparable conditions in the same PLD chamber. Analysis
of several, nominal 100 nm thick La-Sr-Co-O films by SEM after breaking off an edge,
by FIB-SEM and by TEM showed a thickness of 65±15 nm. Thus, the true deposition
rate for the present La-Sr-Co-O films is supposed to be 0.18 Å/pulse. Unless otherwise
specified, film thicknesses are given as nominal values in this work.
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a) b)
Figure 3.3: a AFM image (reproduced with permission from CrysTec), b SEM top view
image of a polished yttria-stabilized zirconia (YSZ) single crystal PLD substrate (CrysTec,
Germany) showing polishing scratches.
Comparing the cation ratios in the films with the cation ratios in the used targets,
a depletion of Co in the film was noticed. This was systematically investigated by
chemical analysis, see Fig. 3.4. Some Co is lost in the PLD process resulting in a higher
R fraction in the film compared to the target. On the other hand the La/Sr ratio does
not deviate for the used PLD conditions within the ICP-OES error of ±0.02 z.
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Figure 3.4: R fraction wfilm,ICP−OES in thin La-Sr-Co-O PLD films (z = 0.3) as a function
of the R fraction in the PLD target wtarget,ICP−OES , both determined by ICP-OES chemical
analysis. The standard deviation of wfilm,ICP−OES was estimated from the deviation of
ICP-OES results of several films prepared by the same target. The R fractions in the targets
measured with ICP-OES differ by ±0.02 from the nominal values. The regression curve is
wfilm = 0.3652 · w2target + 0.7550 · wtarget + 0.1067.
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High temperature PLD To summarize, the following PLD parameter range has been
used, adapted from ref. [73] which resulted in pore-free dense films:
(i) Deposition at Tdepo = 700 °C or 770 °C in 0.4 mbar O2
(ii) Deposition rates from 0.018 nm/s to 0.36 nm/s (1 to 20 Hz laser pulse repetition
frequency)
(iii) Nominal film thicknesses from 10 nm to 200 nm
(iv) Post-annealing at Tpa = 700 °C or 750 °C in pure oxygen for 30 minutes
Table 1 in the appendix summarizes the PLD conditions for all films discussed in
this work. Most films were deposited under "standard PLD conditions" at 770 °C in
0.4 mbar O2 with 0.18 nm/s deposition rate and were post-annealed at 700 °C for
30 minutes. These conditions are optimized for the formation of R films which required
quite high deposition temperatures. The post-annealing procedure was chosen based on
the experience in the preceding PhD thesis of Frank Baumann [74] and could possibly
also be done at lower temperature and/or shorter duration, e.g. 650 °C for 10 minutes.
Pure P also could have been deposited at lower temperatures (e.g. 650 °C). To have
comparable conditions to the SATP films, thereafter all materials were deposited at the
the same higher temperature. For a typical 100 nm film, deposited with 10 Hz laser
pulse repetition frequency, the deposition is completed within 6 minutes. At 1 Hz this
duration increases to 1 h. This not only means that every freshly deposited layer has
10x more time to form/join a crystalline phase, but also that the already deposited
material has 10x more time to change to more stable phase, grow bigger crystals,
segregate cations et cetera.
Room temperature PLD: Amorphous films and subsequent crystallization For the
preparation of amorphous films the following parameters and procedure was used:
(i) Deposition of a single layer at room temperature and in 0.01 mbar pO2
(ii) Laser pulse repetition frequency was 10 Hz (0.18 nm/s), film thickness 100 nm
At a higher pO2 of 0.4 mbar, porous instead of dense films were formed (compare Fig. 1
in the appendix and ref. [75]). The deposition pO2 is an empirical value depending on
other PLD conditions such as the deposition temperature and must be optimized for
every PLD system to obtain dense films without large defects.
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Crystallization by annealing was done in a quartz tube sample holder, which allows
heating a sample to 1000 °C in a defined atmosphere. The optimal process for obtaining
very small crystals by crystallization of amorphous films has been developed by subse-
quent heating of an amorphous P/R film (w = 0.5, z = 0.3) in 1 bar O2 and XRD/SEM
measurements between the heating steps. The first annealing was done at 500 °C for
2 h (10 K/min) and for the subsequent annealings (same duration) the temperature
was increased in 50 K steps up to 750 °C.
As it can be recognized from SEM images in Fig. 3.5, already at 550 °C, an arrange-
ment of very small crystallites forms, while at 650 °C individual large crystallites start
to grow. After annealing at 750 °C half of the surface is covered by large crystallites.
Since the electrochemical characterization was mainly done at 600 °C the following pro-
cedure for crystallization of amorphous films has been developed to obtain reasonably
morphologically stable films at 600 °C:
1. Heating from room temperature to 550 °C with 10 K/min in 1 bar O2
2. Heating from 550 °C to 650 °C in 1.5 h
3. Annealing at 650 °C for 2 h, cooling to room temperature with 10 K/min
a) b)
c)
Figure 3.5: SEM images of externally crystallized amorphous La-Sr-Co-O film F49a de-
posited at room temperature in 0.01 mbar O2, a after first annealing at 550 °C for 2 h, b after
additional annealing at 650 °C for 2 h, c after additional annealing at 750 °C for 2 h.
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Microelectrode preparation Thin film micro structuring has been done with pho-
tolithography by Achim Güth and Benjamin Stuhlhofer (Ar ion beam etching) from
the Technology Service Group of the Max Planck Institute for Solid State Research.
First, the substrates were covered with a ca. 1 µm thick layer of positive pho-
toresist (ma-P 1215, micro resist technology, Germany) by spin-coating (Microposit
S1818, Shipley, UK). Then, they were exposed to broadband ultraviolet light of a high
pressure mercury lamp through a photomask shown in Fig. 3.6a (Rose Fotomasken,
Germany), designed by Frank Baumann [74]. The exposed photoresist will be subse-
quently dissolved by developer solution (ma-D 531, micro resist technology, Germany)
while 20 – 100 µm large circular spots of photoresist film, shadowed by the photomask
remain. The remaining photoresist was baked at 110 °C for 1 h for stabilization and
then the La-Sr-Co-O film and the photoresist were Ar ion beam etched (UniLab Ion
Beam Etching, Roth & Rau, Germany). The oxide film is etched through (even a few
nm into the YSZ substrate), before the circular surface of the La-Sr-Co-O film (be-
low remaining resist) will be etched. In the end, remaining photoresist was removed
by ultrasonic cleaning in acetone. In some samples microelectrodes were not etched
fully through, resulting in a microelectrode with a much larger surface area as the
nominal one; they were identified and excluded from further analysis both by suspi-
cious impedance spectra or SEM images. SEM analysis of microelectrodes from several
samples also resulted that the maximum deviation from the microelectrodes nominal
diameter is ±2 µm (Fig. 3.6b).
a) b)
Figure 3.6: a Drawing of the 5 mm x 5 mm photomask from ref. [74] with 3 x 15 circu-
lar microelectrodes with 100 µm diameter, 4 x 19 with 80 µm diameter, 5 x 23 with 60 µm
diameter, 5 x 30 with 40 µm diameter and 8 x 45 with 20 µm diameter. b SEM image of a
La-Sr-Co-O PLD film microelectrode with 80 µm diameter after electrochemical characteriza-
tion at 600 °C for 10 h. The SEM was acquired with the in-lens secondary electron detector
and shows charging artifacts (due to electronically insulating YSZ) and a 10 µm large spot
from contacting with a Pt/Ir micro probe tip.
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The prepared microelectrodes are on the one hand small enough to fulfill the reversible
counter electrode conditions, but on the other hand sufficiently large to have ORR
activity high enough to be well detectable by EIS and to make contacting with a Pt/Ir
micro probe tip feasible (see Section 3.3). Another advantage of an microelectrode
array (Fig. 3.6a) is that the large number of microelectrodes distributed over the whole
substrate surface makes it possible to perform several EIS measurements with fresh
microelectrodes (necessary if film chemistry is changed e.g. by high DC bias), it gives
better statistics (e.g. if film properties or electrode diameters slightly differ) and makes
it less problematic if single microelectrodes or larger parts of the substrates are unusable
(due to contamination, lithographic or etching errors).
3.2 Morphological and chemical characterization of
La-Sr-Co-O films and powders
Figure 3.7: Top view scheme of a chess-board like SATP film with information ideally
obtained by morphological and chemical characterization. Surface fractions of P (red area) and
R (green areas), their Sr fractions x and y, there crystallite orientations and the amount/length
of TPBs (deep red lines).
In this section, methods are described which were used to characterize La-Sr-Co-O
powders, and La-Sr-Co-O films prior to electrochemical measurements. The relevant
properties of two-phase films in this work are (i) the crystallographic phases, their
composition (La to Sr ratio and cation stoichiometry) and orientation (Fig. 3.7), (ii)
their surface area fractions (e.g. red area in Fig. 3.7), and (iii) the density and kind
(phase combinations) of TPBs (e.g. length of red line per surface area in Fig. 3.7).
Thus, methods with high lateral resolution are required. With this information, suitable
reference activities were derived from the composition and surface fraction of P and R in
33
3.2. MORPHOLOGICAL AND CHEMICAL CHARACTERIZATION
OF La-Sr-Co-O FILMS AND POWDERS
the SATP films (results in Sections 4.2 and 4.3.2); from the ORR activity contribution
of the TPBs kTPB = kq− kref and with the determined TPB density lTPB in the SATP
films (results in Section 4.2.7) the strength of the TPB effect k′TPB was calculated
(Section 4.3.5) as described in Section 2.4.
In general the similarity of P and R, including crystallographic structure as well as
composition, makes it difficult to distinguish them. Furthermore, the SATP morphology
and crystal structures/phases, can change during electrochemical characterization at
600 °C. Therefore, SEM characterization was repeated for samples after EIS as well.
Scanning electron microscopy (SEM) Owing to its high lateral resolution, the
straightforward sample preparation without a conductive coating or sample gluing with
conductive silver (only clamping) and the fastness of imaging, SEM was the main tool
used for top view film characterization. One disadvantage of SEM is that no material
contrast between P and R is directly visible, only morphological differences between
P and R crystallites can be used for phase assignment. Another problem is that the
electronic conductivity of La-Sr-Co-O materials, especially with high R content is low
at room temperature, and the film substrate YSZ is even an insulator, sometimes re-
sulting in charging effects, especially by SEM of microelectrodes. The situation for
unstructured PLD films is much better due to the possibility to electrically connect the
5 mm x 5 mm large films with a copper clip to the sample holder.
A scanning electron microscope (Merlin, Zeiss, Germany) was used with a accelerating
beam voltage of 3 kV, a beam current of 120 pA, a sample distance (focus) of 3.8 mm and
a practical resolution down to 2 nm. Owing to the low conductivity of the samples, the
accelerating voltage was a crucial parameter to achieve a steady state between charging
and discharging, minimizing charging artifacts. 3 kV was found to be the optimum for
unstructured PLD films. For microelectrodes, charging effects played no important role
if the better conductive P films were analyzed. When there were problems with charging
artifacts (e.g. small R microelectrodes), the accelerating voltage was not adapted, but
the images were acquired faster which also reduces charging artifacts, but lowers the
resolution.
For lower magnification down to 20,000x a side mounted secondary electron detector
was used because the images appear more three-dimensional. For higher magnifica-
tion an in-lens secondary electron detector was used which gives sharper but "flatter"
looking images. Fig. 3.8 shows the difference for the same region of a two phase film.
Most images shown in this work were acquired with the in-lens detector and 50,000x
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magnification.
a) b)
Figure 3.8: a SEM image of a typical SATP film (F65c), acquired with the side mounted
secondary electron detector, b acquired with the in-lens secondary electron detector. The
typical thickness of cross-sectional TEM lamella prepared by tripod polishing ranging from
60 nm (upper red box) to 15 nm (lower box) and direction of TEM imaging is indicated.
It was also tried to distinguish between the phases of single crystallites with the energy
selective backscattered electrons detector but unfortunately it did not provide significant
material contrast. Phase identification was also tried with SEM-EDX, performed by
Christof Busch from the Crystal Growth Service Group of the Max Planck Institute
for Solid State Research at another microscope. It did not work because the lateral
SEM-EDX resolution was too low (worse than a few hundred nm) and the very strong
Y and Zr peaks from the YSZ substrate overlapped with the Sr peaks from the film
in the X-ray spectra. Also, Auger-SEM was tried for phase identification, performed
by Mitsuharu Konuma from the Interface Analysis Service Group of the Max Planck
Institute for Solid State Research at another microscope. It delivered only spectra of
about 30 nm large regions of the film with low signal to noise ratio and peak overlapping
of Sr and Co.
Transmission electron microscopy (TEM)/energy dispersive X-ray spectroscopy
(TEM-EDX) TEM sample preparation was performed by Ute Salzberger, TEM imag-
ing and TEM-EDX analysis were performed by Kersten Hahn, both from the Stuttgart
Center for Electron Microscopy, Max Planck Institute for Solid State Research. TEM
and TEM-EDX were used to check film thickness, columnar crystal growth, absence
of pores in the films and in particular chemical composition (cation ratio), with which
phase identification in single crystallites was done and Sr distribution between the
phases was investigated.
TEM lamellas for cross-sectional film imaging were prepared by cutting a substrate
into several pieces which were first thinned to about 10 µm by the tripod polishing
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method according to ref. [76]. Then, they were subsequently thinned by Ar ion beam
etching from the backside of the substrate in direction to the film surface.
For top view imaging it was also tried to prepare a TEM lamella by first drilling
and polishing a conical hole starting from the backside of the YSZ substrate (larger
diameter) and then thinning it from the substrate side by Ar ion beam etching into
the direction of the center of the hole. In this way a few nm thin ring of La-Sr-Co-O,
thinned from the backside, should remain which makes it possible to penetrate the ring
from the the surface of the film with the electron beam. This kind of samples could
make it possible to analyze the composition of single crystallites and see at the same
time their top view morphology which then could be recognized in SEM images later.
Unfortunately this preparation technique failed due to bending/curling of the oxide
film ring during Ar ion beam etching. It was also tried to prepare TEM lamellas for
cross-sectional film imaging with the focused ion beam cross section lift-out technique
(FIB-SEM) by Bernhard Fenk from the Nanostructuring Lab, Max Planck Institute for
Solid State Research. The aim was to obtain a TEM lamella of which the morphology of
its film surface was analyzed in SEM mode prior to FIB preparation, making it easier to
assign the crystallites compositions from TEM-EDX to crystallite morphologies visible
in SEM. Unfortunately the used Ga ion beam damaged the La-Sr-Co-O films.
It was crucial to get as thin TEM lamellas for cross-sectional film imaging as possible
due to the aim to analyze single, only a few 10 nm large, neighbored crystallites by
TEM-EDX. On the other hand, if samples are too thin, charging problems occur due
to low conductance of the samples at room temperature. In this case a few nm thin
conductive carbon layer was applied to reduce charging artifacts. Also, the thinner
the sample the weaker the TEM-EDX signals, giving larger errors. Lamellas could be
prepared with 15 to 60 nm thick regions usable for TEM, in thicker lamella regions no
grain boundaries were recognizable in the film. In Fig. 3.8b, where lamellas with 15 nm
and 60 nm thickness are indicated, it can be seen that only with the thinner lamella
there is a good chance to analyze single crystallites by TEM-EDX.
(S)TEM images were acquired with an ARM 200 CF (JEOL, Japan) equipped with
a DCOR probe corrector (CEOS GmbH, Germany) and a GIF Quantum ERS electron
energy-loss spectrometer (Gatan Inc., USA). Its cold field emission electron source was
operated with an accelerating beam voltage of 200 kV. An image resolution (Scherzer
resolution) of 0.19 nm for high resolution TEM bright field mode (HR-TEM) is given in
the specifications. The thickness of the lamellas was determined with EELS assuming
an inelastic mean free path of λIMFP = 122 nm for SATP films. The TEM-EDX
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spectra of small regions (usually within a rectangle of about 30 nm x 30 nm, yielding
sufficient X-ray intensity, Fig. 3.9) were measured in STEM high-angle annular dark-
field (HAADF) imaging mode with a 100 mm2 EDX detector (Centurio, JEOL, Japan)
and acquired and quantified with a NSS Spectral Analysis System 3.3 (Thermo Fisher
Scientific Inc., USA).
TEM images in Figs. 4.8, 4.12 and 4.16 were acquired with a "Sub-Electron-volt
Sub-Angstrom Microscope" (SESAM, Zeiss, Germany). The SESAM is a uncorrected
unique TEM with a monochromator and an in-column MANDOLINE energy filter. Its
Schottky field emission gun was operated with an accelerating beam voltage of 200 kV.
Owing to absence of internal standards (e.g. known regions in the film lamella of pure
P with Sr fraction x = 0.3 and pure R with Sr fraction y = 0.3), calibration of cation
ratios were done using the average film composition known from ICP-OES chemical
analysis:
1. LaL, SrK, CoK, YK and ZrK peaks were simultaneously quantified with the EDX-
software from EDX spectra in order to consider overlapping peaks (e.g. Zr, Y and
Sr at 16 keV, see Fig. 3.9), yielding cation ratios ξLa,EDX , ξSr,EDX , ξCo,EDX , ξY,EDX
and ξZr,EDX . Contamination from substrate ξY,EDX + ξZr,EDX was less than 0.15.
The correction method "Cliff-Lorimer (MBTS) without absorbance" and the fitting
method "filter without standards" were used for quantification.
2. The uncorrected cation ratios of La, Sr and Co were calculated by
ξ′i =
ξi,EDX
ξLa,EDX+ξSr,EDX+ξCo,EDX with i = La, Sr, Co.
3. The arithmetic means ξ¯′i of all ξ′i measured in one film on 34 to 88 crystallites were
calculated for i = La, Sr, Co.
4. With the true La, Sr and Co ratios of the whole film ξi,ICP−OES
(average composition between P and R) correction factors for La/Sr ratio
c1 = ξLa,ICP−OES/ξSr,ICP−OESξ¯′La/ξ¯′Sr and La/Co ratio c2 =
ξLa,ICP−OES/ξCo,ICP−OES
ξ¯′La/ξ¯
′
Co
were cal-
culated. c1 was in the range of 0.74 and 0.90, c2 in the range of 0.77 and 0.81.
5. EDX measured cation ratios ξ′i were corrected considering atomic balances to obtain
the local cation ratios in the films:
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ξLa,local =
ξ′La
ξ′La + ξ′Sr/c1 + ξ′Co/c2
(3.1)
ξSr,local =
ξ′Sr
ξ′La · c1 + ξ′Sr + ξ′Co · c1/c2
(3.2)
ξCo,local =
ξ′Co
ξ′La · c2 + ξ′Sr · c2/c1 + ξ′Co
. (3.3)
Crystallographic information about single crystallites in TEM lamellas can be ob-
tained by selected area electron diffraction (SAED). It was not used for the present sam-
ples because usually more than one crystallite lies within the electron beam (Fig. 3.8b)
which would result in complex diffraction patterns.
Figure 3.9: TEM-EDX Spectrum of a La-Sr-Co-O film measured with the ARM200 CF and
analyzed with NSS software (screenshot). The most important peaks for quantification are
indicated. The measurement duration was adjusted such that the Sr peak at 14 keV reached
about 100 counts (20 – 200 s) resulting in quantification errors of ±0.003 – 0.014 in ξi,EDX .
X-ray diffraction (XRD) X-ray diffraction and Rietveld refinement were performed
by Helga Hoier, Max Planck Institute for Solid State Research. It was performed with
Cu Kα in Bragg-Brentano geometry with an Empyrean diffractometer equipped with
a PIXcel3D detector (PANalytical, Netherlands). Some diffractograms were measured
with an older XRD setup (PW 3710, Philips, Netherlands), also with Cu Kα radiation in
Bragg-Brentano geometry by Gabi Götz, Max Planck Institute for Solid State Research;
they exhibit a lower signal to noise ratio and distinct Cu Kβ reflections of the YSZ
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substrate which are marked with asterisks.
Powder XRD was used to identify phases and check for thermodynamic equilibrium
composition in La-Sr-Co-O powders (ca. 50 mg). Powder diffractograms are normally
shown with square root of intensity on the y-axis, except if the plots also include film
diffractograms. Rietveld refinement was possible only for powder diffractograms to
investigate the Sr distribution between P and R in P/R two-phase La-Sr-Co-O pow-
ders (Section 4.1). It failed for thin film diffractograms owing to reasons described
in Section 4.2. The following Rietveld refinement procedure with High Score Plus 3.0
(PANalytical, Netherlands) was developed to obtain cell parameters of P and R phase
in two-phase powders:
1. Phase identification with XRD data base, use of published cell parameters as initial
values for Rietveld refinement
2. Coupling of site occupation factors of La and Sr in order to use the Sr fractions x
and y as additional fitting parameters
3. Fitting of reflection intensities of both phases
4. Fitting of cell parameters of both phases
5. Fitting of peak profile parameters W and V
6. Fitting of 2θ offset
7. Fitting of peak profile parameter peak shape
8. Fitting of preferential crystal orientation (texturing)
9. Fitting of peak profile parameter anisotropical reflection broadening
10. Fitting of Sr fractions x and y in both phases
The fitted Sr fractions during Rietveld refinement are only rough estimations for
the Sr distribution between the two phases because their values scatter much more
compared to the Sr distributions obtained by cell parameter fitting in Section 4.1.
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Figure 3.10: X-ray diffractograms in logarithmic scale of a bare single crystal YSZ substrate
in (100)-orientation (blue) and a thin film diffractogram (black) of a 100 nm thick SATP film
on YSZ. The red and green vertical lines indicate positions of P and R reflections in the P/R
two-phase powder diffractogram (purple) which were also found in films. The numbers show
reciprocal lattice indices h k l, see also Table 2 in the appendix.
For thin film samples, XRD was used to check which crystalline phases can be found
in films (P, R or other) and if they have a preferential crystal orientation. Films were
rotated around the vertical axis for 2θ scan. In general, thin film XRD shows only
weak film peaks due to small film thickness below 200 nm, and much stronger single
crystalline YSZ substrate reflections (Fig. 3.10, black curve). Therefore, diffractograms
with thin films are always shown in logarithmic scale. The YSZ diffractogram (blue)
additionally shows several step like artifacts at about 16°, 33° and 70° (e.g. caused by
Cu Kβ filter).
The vertical red and green lines in the diffractograms mark positions of reflections of
the P and R phase which were found in film samples. Literature data for the precise
positions and assigned reciprocal lattice indices h k l in hexagonal (P) and tetragonal
(R) space group are given in Table 2 in the appendix. Many reflections of the same or
different phases overlap and can not be distinguished in films (see multiple h k l indices
at the top of Fig. 3.10). They are then marked by only one red or one green or a
red/green double line in the center of the reflection group.
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Inductively coupled plasma optical emission spectrometry (ICP-OES) Chemical
analysis with inductively coupled plasma optical emission spectrometry (ICP-OES,
Spectro Ciros CCD, Spectro Analytical Instruments, Germany) was performed by Ger-
hard Werner of the Central Scientific Facility, Max Planck Institute for Intelligent Sys-
tems. It was used to determine the precise composition of La-Sr-Co-O powders and
films and therefore their R fraction w and Sr fraction z which both are crucial for ORR
activity. Powders and films were dissolved in hydrochloric acid for analysis. Hydrochlo-
rid acid does not dissolve the YSZ substrate but the films completely.
For powder samples three analysis of several mg were done and averaged, resulting
in a relative error for ξi,ICP−OES better than 1 %. Films only delivered about 10 µg of
material and therefore analysis was done with up to three films differing ±0.02 in w. It
was also looked for Si contamination, which would be critical for the ORR [72], but no
elements other than La, Sr and Co were found to be higher than the detection limit.
Raman spectroscopy Raman spectra were measured by Armin Schulz from the
Solid State Spectroscopy Department of Bernhard Keimer, Max Planck Institute for
Solid State Research. Raman was used to identify the presence of (La,Sr)2CoO4±δ
Ruddlesden-Popper phase in films, due to its distinct Raman activity [77, 78]. A single
grating Raman spectrometer (V010 LabRam, HORIBA Jobin Yvon GmbH, Germany),
equipped with a double super razor edge filter and a Peltier cooled CCD camera was
used. The resolution of the spectrometer (grating with 1800 lines per mm) is 1 wavenum-
ber (cm−1). Spectra were measured in quasi-backscattering geometry using the linearly
polarized 532.0 nm line of a diode laser with power less than 1 mW, focused to a 10 µm
spot through a 50x optical microscope objective on to the top surface of the sample.
3.3 Electrochemical characterization of La-Sr-Co-O films
Electrochemical characterization of micrometer-sized working electrodes and a re-
versible counter electrode was performed with electrochemical impedance spectroscopy
(EIS) primarily to gather information about oxygen exchange kinetics (low-frequency
impedance). The high-frequency part of impedance spectra was only examined to iden-
tify unusable microelectrodes. None the less it shows some interesting features and can
be used to determine the temperature of the microelectrode/substrate beneath if the
film is properly etched.
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Setup and procedure for EIS measurements of microelectrodes Microstructured
thin films (working electrodes, WE) on single crystal YSZ substrates (electrolyte) were
attached to a counter electrode (CE) by gluing them on a 6 mm x 6 mm sapphire
carrier (CrysTec, Germany) with silver paste (Leitsilber 200, Ögussa, Austria), see
Fig. 3.11a. For improving contact, a 6 mm x 6 mm silver foil (current collector) was
glued on the sapphire carrier prior to this with silver paste as well. The silver paste
was dried overnight at room temperature. Then the sample was transferred to the EIS
experimental setup and the silver paste baked to a solid, porous electrode while heating
up with 10 K/min to 600 °C in 1 bar O2. The custom-made EIS experimental setup
has a controlled atmosphere (< 10−3 to 1 bar O2) and its sample holder is heatable up
to a temperature of 800 °C. It shields the sample against interfering electromagnetic
fields from the environment. The oxygen partial pressure was measured with an oxygen
sensor (Rapidox 2100, Cambridge Sensotec, UK) at the purging gas outlet of the vessel.
Directly after baking, the electrochemical cell (micro working electrode, YSZ elec-
trolyte and reversible silver counter electrode) was connected to an impedance spec-
trometer through shielded BNC cables (Alpha-A High Performance Frequency Ana-
lyzer, Novocontrol Technologies, Germany) using an optical microscope to manually
operate Pt/Ir probe tips (Moser Jewel Co., USA) with micro manipulators. Fig. 3.11b
shows the tip after use. The unused tip has a nominal diameter of 5 µm and is deformed
during contacting which results in an around 10 µm diameter large contact spot. i.e.
during EIS only 2 % of a 80 µm microelectrode is covered by the tip contact.
a) b)
Figure 3.11: a Scheme of electrochemical cell, connected to impedance spectrometer,
b SEM image of Pt/Ir probe tip after connection. Contact spot with about 10 µm diameter.
Impedance spectra were recorded with 20 mV amplitude and 10 data points per
decade in the range of 4 MHz to 1 – 0.02 Hz, depending on oxygen reduction activ-
ity. The impedance spectrometer was controlled by a custom-made Java software (Uwe
Traub, Max Planck Institute for Solid State Research) and spectra were analyzed with
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ZView (Scribner Associates inc., USA). Due to deactivation of samples, the following
measurement procedure was defined to establish reproducible conditions. All measure-
ments were performed without DC bias (i.e. at open circuit conditions).
(i) Heating up to 600 °C with 10 K/min, purging with pure oxygen (100 mL/min)
and repeated measurements of one microelectrode with 80 µm diameter for 1 h to
investigate initial deactivation.
(ii) Measurement of six different microelectrodes with 80 µm diameter for the deter-
mination of an average reference activity at 600 °C and pO2 = 1 bar, and to check
if the film is homogeneous and properly structured over the whole surface. Usually
microelectrodes in the third, the middle and the third last column of the first and
last row were measured.
(iii) Repeated measurements of one microelectrode with 80 µm diameter in the middle
of the sample at 600 °C down to 400 °C in 50 K steps (10 K/min). In order
to equilibrate, the sample was left at new temperature for 5 minutes prior to
measurement.
(iv) After heating up again to 600 °C (10 K/min) at least three microelectrodes with
each 100, 80, 60 and 40 µm diameter, located in the middle of the sample, were
measured to analyze the size dependence of ORR activity.
(v) Cooling down to room temperature with 20 K/min and purging with 200 mL/min
10−3 bar O2 in N2 over night.
(vi) Heating up to 600 °C (10 K/min). Measurement of a microelectrode with 80 µm
diameter in the middle of the sample after 5 minutes equilibration at 600 °C and
pO2 = 10−3 bar. Adjusting oxygen partial pressure to 10−2, 10−1 and 1 bar and
repeated measurements of the same microelectrode after 5 minutes equilibration
at new oxygen partial pressure.
Depending on the purpose of measurement some parts were skipped for individual
samples. If unusable microelectrodes were identified in the optical microscope or by
suspicious impedance spectra, microelectrodes in other regions were chosen.
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Electrochemical modeling of EIS experiments Owing to the small EIS amplitude
(small deviations from equilibrium), charge and mass transport including surface re-
action involving charge transfer, can be described by equivalent circuits [68, 69]. The
aim is to find an equivalent circuit which is able to reproduce the measured spectrum,
and the elements of which can be assigned to physical processes. The model should be
as detailed as required for the features that are recognizable in the EIS spectra. If the
model is less detailed, an appropriate fitting of the spectra with the model will not be
possible and information about further elements of the electrochemical system will be
lost. If the model is too detailed, the fitting will not be unambiguous. Therefore only
elements which noticeably influence the EIS spectra should be considered.
In the experimental setup in Fig. 3.11a the electrochemical cell consisting of CE,
electrolyte and WE, is via probe tip contacts and shielded BNC cables (RCE/WE−wiring)
serially connected to the impedance spectrometer. Additionally the whole setup has
a certain stray capacitance Cstray connected parallel to the cell. In the following, the
relevance of these parts for the measured EIS spectra will be discussed and important
parts will be analyzed in detail and simplified step by step to obtain the equivalent
circuit used for fitting.
The shielded BNC cables and the probe tips have an ohmic resistance of about
2 Ω which is negligible relative to the other contributions. The contact resistance
between the probe tip and the silver paste is expected to be even lower, thus RCE−wiring
can be neglected. The contact resistance between the other probe tip and the oxidic
microelectrode is expected to be higher, but when reconnecting the same microelectrode
with the probe tip at other positions with different vertical force (different contact
resistances) the results for the fitted equivalent circuits differ only by a few %, therefore
RWE−wiring is negligible as well. The footprint area of the porous silver counter electrode
is 5,000 times larger than the largest microelectrodes (WEs). In ref. [74] the impedance
of a comparably prepared porous silver electrode at 600 °C in air was 40 Ω as prepared
and 140 Ω after 12 h at 750 °C due to aging, measured in a symmetrical cell. This
is less than 1 % of the oxygen reduction reaction impedance RORR of the most active
microelectrodes (orange curve in Fig. 3.15). Therefore the counter electrode can be seen
as reversible and the CE’s contribution to impedance can be neglected in the equivalent
circuit as well. Because voltage drop mainly takes place at the working electrode, no
reference electrode is needed. Also, effects of oxygen gas diffusion limitation at WEs
(concentration polarization) on the impedance spectra can be neglected due to pore-free
films and absence of a DC current.
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a)
b)
c)
d)
Figure 3.12: a Physically exact equivalent circuit adapted from ref. [79] showing a gen-
eral one-dimensional model (transmission lines) of an extended O2− electrolyte (YSZ) with
a thin O2−/e− (oxygen vacancies/holes) MIEC film with ORR activity. Horizontal elements
represent transport processes and vertical elements represent chemical capacitance Cδj,i within
the infinitesimally small volume elements. b Simplified equivalent circuit with electrochem-
ical processes relevant for EIS measurement. c Further simplification for Ric  Rit and
Csurf  Cchem. d Phenomenological model that is equivalent to c if Cstray  Cdl  Cchem.
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Fig. 3.12a shows the physically exact equivalent circuit for the remaining parts elec-
trolyte, MIEC working electrode and stray capacitance Cstray. It was adapted from
ref. [79] and generally describes one-dimensional electrochemical systems with a homo-
geneous electrolyte and electrode. The horizontally aligned elements display the trans-
port processes on the ionic, electronic and displacement rail and the vertical chemical
capacitances couple the rails. In the "MIEC working electrode" section each element
i represents an infinitesimally small volume element of an one-dimensional MIEC. Rj,i
are the transport resistances for the ionic (O2− via oxygen vacancies, j = ion) and
electronic (mainly holes, j = eon) conduction to the next volume element on the right:
Rj,i = σ−1j,i ·
s
A
(3.4)
with s is thickness of cell, A its cross-sectional area. The dielectric displacement between
two cells is modeled by a electrostatic capacitance Cqi :
Cqi = εi · ε0 ·
A
s
(3.5)
with εi is the relative permittivity of the material and ε0 the vacuum permittivity. The
chemical capacitance Cδj,i with its ionic and electronic component describes the property
of the material to change its stoichiometry (cj,i) by incorporation or release of oxygen
when the electrochemical potential µ˜j,i changes:
Cδj,i = (e · zj)2 ·
(
∂µ˜j,i
∂cj,i
)−1
t=0
· A · s (3.6)
with e is the elementary charge and zj the charge number of the formed charge carrier
j. The "YSZ electrolyte" section is modeled in the same way but without contributions
from electronic charge carriers. Electrolyte and WE are connected by the "ion transfer"
process at the YSZ/MIEC interface which interrupts the electronic rail and comprises
an individual resistance for the ion transfer Rit and the double layer capacitance Cdl
between the two phases. On the right side the WE is terminated by the "MIEC surface"
section in which the ORR is modeled. It is assumed that the current collector is an inert
material. At the surface the ionic rail is connected to the electronic rail through the
oxygen exchange reaction by RORR, where electrons are converted to ions consuming
oxygen gas and vice versa. Normalized to surface area (RORR ·A = ASR, area specific
resistance) it is a measure for the catalytic activity of the WE and can be converted to
effective ORR rate constants according to (see e.g. ref. [80]):
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kq = R · T4 · F 2 · cO ·RORR · A︸ ︷︷ ︸
ASR
(3.7)
with R is the universal gas constant, T the temperature, F the Faraday constant and
cO is the total molar concentration of lattice oxygen in the ORR active material. It
was calculated from XRD densities (not considering oxygen non-stoichiometry) and
resulted in 0.0897 mol/cm3 for P and 0.0722 mol/cm3 for R. For two-phase films an
average value was calculated using the R fraction measured in the films.
Simplification of the general equivalent circuit The following simplifications can
be introduced to obtain the equivalent circuit in Fig. 3.12b. The capacitance of the
YSZ electrolyte beneath a microelectrode (Cδion−Y SZ,k, C
q
Y SZ,k) is negligible compared
to the stray capacitance Cstray of the whole EIS setup. Owing to the geometry of the
microelectrode and the much larger electrolyte thickness Rbulk is calculated as spreading
resistance which depends on the diameter of microelectrodes dME [81]:
Rbulk =
1
2 · dME · σion−Y SZ . (3.8)
For the MIEC surface, the electronic resistance can be neglected and the capaci-
tances can be simplified to one capacitor Csurf according to ref. [79]. In the MIEC
bulk section the small dielectric displacement capacitances Cqi are negligible. The se-
rial chemical capacitances Cδion,i and Cδeon,i can be combined to one chemical capacitor
Cchem,i = 1/(1/Cδion,i + 1/Cδion,i). Also, the electronic resistivity Reon,i can be neglected
(at 600 °C the electronic conductivity lies between ≈ 1300 S/cm for pure P with x ≤ 0.3
and ≈ 7 S/cm for pure R with y ≥ 0.3, see Table 2.1).
The electronic conductivity in the lateral direction (not modeled in Fig. 3.12a) is quite
small for SATP films due to columnar grain growth ("serial connection" of P and less
conductive R crystallites) but typically still negligible. When it is too small compared
to the ORR activity of the WE, the electric potential for ORR is lower in the microelec-
trode’s periphery compared to the surface next to the probe tip contact, resulting in
an additional intermediate-frequency feature in the impedance spectrum. This was ob-
served for 150 nm thick Bi0.5Sr0.5FeO3−δ microelectrodes with 60 µm diameter, showing
an electronic conductivity of 0.46 S/cm and an ASR of 4.7 Ω cm2 [82]. Nevertheless,
fitting with a simple equivalent circuit resulted in essentially the same RORR as a more
sophisticated two-dimensional FEM modeling [82]. The most active SATP films in the
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present work showed an ASR of around 10 Ω cm2. When a worst-case conductivity of
10 S/cm is assumed, the ratio between conductivity and ORR activity is 50 times better
than in Bi0.5Sr0.5FeO3−δ, thus problems with insufficient lateral electronic conductivity
for RORR determination in normal SATP films are not expected. This was also proven
by investigation of the dME dependence of Rbulk (see below). Only for post-crystallized
amorphous SATP films there are hints for insufficient electronic conductivity (lighter
color compared to SATP films deposited at high temperature and an additional very
strong intermediate-frequency feature in the impedance spectrum).
The ionic resistivity within the MIEC Ric,i can only be neglected for single-phase P
films with a Sr doping content of x = 0.3. Because of Csurf  Cchem the equivalent
circuit then can be further simplified to Fig. 3.12c. In SATP films on the other hand
x and thereby σion was found to be lower, and R in general shows lower ionic con-
ductivity especially along the c-axis (Table 2.1). Nevertheless, the ionic resistance is
much lower than RORR and thus can also be handled on a phenomenological level (see
Fig. 3.14b below), instead of the more complicated transmission line. At the same time
the ionic conductivities of all samples were high enough for a predominant transport
of oxygen ions through the WE bulk ("bulk path") and the ORR is not limited to the
WE/electrolyte/gas TPB at the microelectrode edges, as it is for Pt and thick LSM
electrodes [46, 67, 83, 84].
Modeling of electrochemical cells with two-phase MIEC working electrodes For
two-phase (SATP) film samples it would be more accurate to use an equivalent circuit
similar to Fig. 3.12b but with two parallel "MIEC working electrode" branches, individu-
ally for P and R, connected to Rbulk and the measurement lines (Fig. 2 in the appendix).
The contribution of TPBs to ORR activity could be modeled by an additional parallel
RORR,TPB resistor. Because of the parallel connections the individual contributions of
P, R and TPB to impedance are not distinguishable in EIS and only effective Rit, Cdl,
Ric,i, Cchem,i, RORR and Csurf can be determined, e.g. according to:
RORR =
(
1
RORR,P
+ 1
RORR,TPB
+ 1
RORR,R
)−1
. (3.9)
Practical considerations for fitting of impedance spectra For Cstray  Cdl  Cchem
the different equivalent circuits in Figs. 3.12c and d yield exactly the same simulated
spectra and element parameters when used for fitting. At high frequency all capaci-
tors except Cstray are shorted, while at intermediate frequency only Cchem is shorted
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while Cstray is blocking, and at low frequencies the capacitors with the lowest capac-
ities Cstray and Cdl are blocking. Fitting was done with a phenomenological model
as in Fig. 3.12d because it can more easily be extended to reproduce small features in
impedance (to improve the fitting quality for other processes) which are not in the focus
of the present investigation. Additionally, instead of ideal capacitors C constant phase
elements (CPE) Q were used to reproduce nonidealities in the samples which result in
distorted/depressed semicircles. The capacitances of CPEs can be calculated by [85]:
C = (R1−n ·Q)1/n (3.10)
with R is the parallel resistor of the actual R/Q element. The fitted parameter n is a
measure for the nonideality of the capacitor (ideal capacitor n = 1).
Example spectra and phenomenological equivalent circuit The spectrum of a P film
in Fig. 3.13 shows a high-frequency axis intercept (Rbulk from electrolyte, see inset), a
small intermediate-frequency feature at 5 kHz (assigned to the ion transfer from MIEC
to YSZ) and a large low-frequency semicircle related to the ORR at the MIEC surface.
Fitting was done with the phenomenological equivalent circuit in Fig. 3.12d using CPEs
instead of ideal capacitors and yielded the black curve.
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Figure 3.13: Impedance spectrum in Nyquist plot of a 80 µm large microelectrode of P film
F79a, x = 0.3. Black curve is a simulated spectrum using the equivalent circuit in Fig. 3.14b
without Ric/Qchem,ic. Inset shows high-frequency part.
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In other films ionic resistivity can result in a small but clearly recognizable, additional
impedance feature in the intermediate- to low-frequency range (Fig. 3.14a). To handle
this, for most films the equivalent circuit shown in Fig. 3.14b was used for fitting. It ex-
tends the phenomenological equivalent circuit in Fig. 3.12d by an additional Ric/Qchem,ic
element reproducing the additional ionic resistivity feature in the impedance spectrum,
if necessary. The black curve in Fig. 3.14a shows the fitting result of a SATP film
impedance spectrum using this equivalent circuit. It can be seen that even spectra
which show distinctive contributions of ionic resistivity can be reproduced per-
fectly over the whole frequency range when an additional Ric/Qchem,ic element is used.
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Figure 3.14: a Impedance spectrum of a 80 µm microelectrode of SATP film F65c with
a clear ionic resistivity feature at 100 Hz. Black curve: fitting using equivalent circuit in b,
the grey curve represents the contributions of the individual semicircles. Blue: fit using the
strongly simplified equivalent circuit shown in the inset. b Standard model used for fitting
that also can handle small additional contributions by ionic resistivity when the R/Q element
in brackets is used. The R/Q elements represent from left to right the semicircles at about
4 MHz (ion conduction in electrolyte), at 25 kHz (ion transfer), at 100 Hz (ion conduction in
film) and at 5 Hz (ORR at film surface).
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The size of the second semicircle from right at 100 Hz underlines the perceptible ionic
resistivity contribution to the impedance spectrum of this SATP film, while the ion
transfer semicircle at 25 kHz is almost not visible. For Ric a value of about 30 kΩ is
obtained, which lies in the range of the calculated ion conduction resistivities for such
microelectrodes in Table 2.1 with x ≤ 0.3 and y ≥ 0.3.
The blue curve in Fig. 3.14a represents the fitting result obtained with the extremely
simplified equivalent circuit shown in the plot in blue. The results for RORR and Cchem
are given together with the results obtained with the equivalent circuit of Fig. 3.14b
in Table 3.2. It can be seen that RORR differs only by ±5 % (±14 % for Cchem)
depending on the model and frequency range used for fitting. This shows that even
for samples with pronounced ionic resistivity the impedance is still determined by the
oxygen exchange reaction and even when using a strongly simplified equivalent circuit
a quite accurate value for RORR is obtained. On the other hand, the used frequency
range for fitting can have a similar influence on the result for RORR when the samples
deactivate in ORR activity so that the semicircle expands at very low frequencies where
longer measurement times are needed.
Table 3.2: Fitting results for the low-frequency semicircle (ORR) in Fig. 3.14a depending
on the fitting model and the frequency range used. Cchem was obtained from Qchem (3.10).
equivalent circuit and fitting range RORR Cchem
kΩ F
Model with 4 R/Q elements (Fig. 3.14b), 2 MHz – 1 Hz 594 4.84 · 10−8
Model with 4 R/Q elements (Fig. 3.14b), 4 MHz – 20 mHz 612 4.81 · 10−8
Simple model in Fig. 3.14a (blue), 2 MHz – 1 Hz 567 3.63 · 10−8
Simple model in Fig. 3.14a (blue), 4 MHz – 20 mHz 604 3.61 · 10−8
Fig. 3.15 exemplarily shows the spectra of a SATP film (purple), a R film (green), a
P film (red) and a Co-deficient P film (orange) measured at 600 °C and 1 bar oxygen
on 80 µm large microelectrodes. The high-frequency intercept at Z ′ = Rbulk ≈ 20 kΩ
differs by about ±1.5 kΩ which is due to small differences in microelectrode diameter
and local temperature. The resistance for the ion transfer Rit between electrolyte
and film is larger for single-phase P films (11 kΩ, 7 kΩ for Co-deficient P) than for
R containing films (about 2 kΩ). Here also the increase in ionic resistivity Ric with
increasing R fraction can be nicely seen: negligible for P film (red), 27 kΩ for SATP
film (purple) and 130 kΩ for R film (green). The orange curve represents one of the
most active films (metastable Co-deficient single-phase P), where the low-frequency
ORR semicircle is almost as small (13 kΩ) as the intermediate-frequency semicircle.
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Figure 3.15: High-frequency (a) and low-frequency (b) range of impedance spectra of 80 µm
large microelectrodes of a SATP film (purple, F65c), a R film (green, F25d), a P film (red,
F79a) and a Co-deficient single-phase P film (orange, F30c). Lines: connection between data
points, not fit results.
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Table 3.3: Overview of typical fitting results for impedance spectra of La-Sr-Co-O film
microelectrodes with 80 µm diameter at 600 °C in 1 bar O2 obtained with the equivalent
circuit in Fig. 3.14b and Eq. (3.10). Ranges cover 90 % of all measurements.
frequency process resistance capacity nonideality
Ω F n (3.10)
200 – 0.5 Hz oxygen 2 · 104 – 4 · 106 3 · 10−8 – 3 · 10−7 0.89 – 1.00
(low frequency) exchange
(RORR, Cchem)
10 – 500 Hz ion transport 5 – 140 · 103 4 · 10−9 – 4 · 10−7 0.66 – 0.77
(low to in MIEC
intermediate (Ric, Cchem,ic)
frequency)
2 – 40 kHz electrode/ 1.4 – 31 · 103 2 – 6 · 10−9 0.70 – 1.00
(intermediate electrolyte
frequency) ion transfer
(Rit, Cdl)
(> 250 kHz) ion transport 15 – 24 · 103 (Cstray ≈ 6 · 10−13) (≈ 0.84)
(high frequency) in electrolyte
(Rbulk)
Microelectrode size dependence of impedance Fig. 3.16 exemplarily shows the fit-
ting results for RORR and Rbulk as a function of the microelectrode diameter for a
Co-deficient P film, two SATP films and a R film in logarithmic scale. Fig. 3.16a
proves that oxygen ions are transported by the "bulk path" into the electrolyte, because
the ORR activity (∝ 1/RORR) approximately scales with the square of the microelec-
trode diameter (∝ electrode area A), and not with the diameter (∝ circumference =
gas/YSZ/microelectrode TPB length). The slopes are even slightly steeper, which may
be caused by local cooling at the Pt/Ir probe tip contact which affects small electrodes
more [86]. With the measurements of several neighboring microelectrodes (individual
symbols in Fig. 3.16a) also the typical error can be estimated to be only ±5 % for the
determination of RORR in 80 µm microelectrodes. Some microelectrodes can be iden-
tified as outlier due to a much too small Rbulk (working electrode film not completely
etched through in the structuring process). Rbulk in Fig. 3.16b almost depends linearly
on the microelectrode diameter as expected for a spreading resistance (3.8). Also here
the slope is somewhat steeper due to local cooling effects. The observed slopes also
prove that the lateral electronic resistance can not explain the intermediate- to low-
frequency impedance of the present samples, because in ref. [82] a slope of only -0.2
was found.
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Figure 3.16: RORR (a) and Rbulk (b) at 600 °C and 1 bar O2 as function of microelectrode
diameter. Co-deficient P film (F29c), SATP films without (F65c) and with higher-order R
(F66d) and R film (F15c) is shown. The deviation of the microelectrode diameter was checked
for several films by SEM and found to be in the range of ±2 µm. The distance between ticks
on the vertical axis is half an order of magnitude. Data for different samples are vertically
shifted for clarity.
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4 Results
4.1 Thermodynamics of Sr distribution in P/R
two-phase powders
P/R two-phase thermodynamics Before analyzing thin-films, the formation of two-
phase P/R materials is first investigated at the example of powders synthesized with
the glycine nitrate method and calcined at 1200 °C for 2 h in air. For the nominal
powder compositions of w = 0 (pure P) or w = 1 (pure R) X-ray diffractograms showed
reflections only of P or R in Fig. 4.1. In both cases the Sr fraction was x = y = z = 0.3
(definition of z and w in Equations (2.2) – (2.5)).
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Figure 4.1: X-ray diffractograms of single-phase P (w = 0) and R (y = 1), and two-phase
P/R powder samples (w = 0.5), all with total Sr fraction z = 0.3, calcined at 1200 °C for 2 h
and equilibrated at 300 °C in air. The lower plot shows the simulated diffractogram obtained
by Rietveld refinement of the two-phase sample.
In the two-phase sample (Fig. 4.1, purple), the individual phases P and R can unam-
biguously be identified although some P and R reflections overlap. The SEM images
of this powder in Fig. 4.2 shows 100 – 1000 nm large, compact crystallites with facets.
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POWDERS
They appear to have a shape close to the minimal surface energy form. This together
with high cation mobility at 1200 °C applied for crystallizing the homogeneous, nano-
disperse oxide precursor suggests that equilibrium cation composition is achieved in
these two-phase powder samples.
Figure 4.2: SEM images of P/R two-phase powders prepared at 1200 °C for 2 h and
subsequently ball milled with R fraction w = 0.5 and total Sr fraction z = 0.3, showing
compact 100 – 1000 nm large agglomerated crystallites.
Fig. 4.3 shows further powder X-ray diffractograms with nominally 50 % molar R
fraction (w = 0.5) but varying total Sr fraction z. For z = 0.6 or larger, a third
phase is formed (solid circles) which was identified as Sr3Co2O6+δ structure in ref. [87]
(orthorhombic space group Immm, number 71). In general this structure will be denoted
as higher-order Ruddlesden-Popper phase (La,Sr)n+1ConOm (n > 1) below.
In P/R two-phase powders (w = 0.5) at an annealing temperature of 1100 °C the
formation of Sr2Co2O5 with brownmillerite structure was observed in ref. [19] only for
a total Sr fraction of z > 0.66. For z > 0.69 the additional formation of Sr3Co2O6+δ
was suggested (higher-order R). The maximum Sr fraction beyond which additional
phases are formed differs due to different preparation techniques. In ref. [19] a classic
solid state synthesis method was used, and by alternately annealing and XRD analysis
the achieving of thermodynamic equilibrium was confirmed. In the present work the
approach to equilibrium was only investigated for powders with z = 0.3. Also, in ref.
[19] a longer equilibration time for perovskites with high alkali earth fractions and the
formation of Sr2Co2O5 as intermediate phase was reported. So it may be possible that
for large z the present samples are still not in thermodynamic equilibrium.
56
CHAPTER 4. RESULTS
z  =  0 . 7
z  =  0 . 2 1
z  =  0 . 4
z  =  0 . 6
z  =  0 . 3
z  =  0 . 5
0 0 2
w  =  0 . 5
1  1  1 0 , 0 3 5 ,0 1 2
0 1 1 0 0 4 0 1 3
1 1 0 , 1 0 4
1 1 0 2 0 2 , 0 0 6
0 1 5 , 0 0 6
1 1 4
0 2 4
0 2 0 0 3 0 , 2 1 4 , 0 1 8
1 2 3 , 0 0 8
1 2 5 , 0 2 6
2 2 0 , 2 0 8
1 1 8 , 2 2 0 1 3 4 , 1 2 8
0 3 3 , 0 2 8 , 1 3 0
2 2 6 , 1 3 4
1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0 6 5 7 0 7 5 8 0 8 5
loga
rith
m o
f int
ens
ity /
 a.u
.
p o s i t i o n  2   /  °
Figure 4.3: X-ray diffractograms in logarithmic scale of two-phase powders (w = 0.5) with
varying Sr content (z = 0.21 – 0.7, nominal values). Higher-order Ruddlesden-Popper phase
reflections of Sr3Co2O6+δ are indicated by solid circles and appear at z ≥ 0.6. The red and
green vertical lines indicate positions of P and R reflections in the P/R two-phase powder
diffractograms (purple) which were also found in films.
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Sr fraction determination in P and R in two-phase powders by XRD When a
separation into two phases occurs, it is in general expected that a small amount of
the one phase is dissolved in the other phase. For example the A-cations may diffuse
from R to P (and vice versa), forming point defects (cation vacancies or interstitials)
or extended defects such as stacking faults. In the present two-phase systems of P and
R with a mixture of La and Sr on the A-site additionally the variability of the La/Sr
ratio in each phase has to be considered. It is expected that a certain amount of Sr
diffuses from one to the other phase and La the other way around resulting in different
La/Sr ratios in the two phases.
Because Sr doping content influences the ORR activity of both, P and R phase
[65, 88] and thus can influence the overall ORR activity of the SATP film samples,
the thermodynamics of Sr distribution between P and R in two-phase materials was
investigated in detail, first for powder samples in the present section and for PLD
films in Section 4.2.4. Unfortunately ref. [19] gives no sufficient information about Sr
distribution in powder samples.
In Fig. 4.3 it can be seen that the precise position of reflections of the P and R phase
depend on total Sr fraction z. Furthermore the P reflections at 41.0° merge to a single
reflection with increasing z. This is due to a change from rhombohedrally distorted
space group at low Sr fraction to cubic at Sr fraction x ≥ 0.5 [19, 44]. The causes of the
lattice parameter changes are different ionic radii of La3+ and Sr2+ (1.36 Å and 1.44 Å
for a coordination number of 12 [43]) and different charges which result in different Co
oxidation states and oxygen nonstoichiometry. The dependence of lattice parameters
on the Sr fraction in the phases was used to determine the actual Sr fraction of the
formed P and R in two-phase powders by XRD.
The lattice parameters of single-phase and two-phase powders were determined using
Rietveld refinement assuming a hexagonal space group for P and a tetragonal one
for R. With a hexagonal space group it is possible to express both, the rhombohedrally
distorted and cubic perovskite structure of P. The black curve in Fig. 4.1 shows that the
diffractogram of the two-phase powder can be well reproduced by Rietveld refinement.
Obtained lattice parameters are given in Table 3 in the appendix.
To obtain the functional relationship between Sr fraction and lattice parameters in
single-phase powders, literature data (crosses in Fig. 4.4) were used in addition to the
results of the present work (circles). For lattice parameters aP (x), cP (x) and aR(y)
polynomials of order two, or one for cR(y) were fitted to the experimental data using
a least squares method (black curves, the fit equations are given in the appendix in
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Table 4 together with the range of validity and standard deviations of data points).
The scattering of data points is not only due to measurement and Rietveld refinement
errors, but also due to differences in powder preparation, e.g. oxygen nonstoichiometry
depending on the cooling procedure.
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Figure 4.4: Lattice parameters aP (x), cP (x) and aR(x), cR(x) of P and R single-phase
powders as function of their Sr fraction from present work (circles) and literature (crosses).
a, c Hexagonal phase (P) [44, 89–91]. b, d Tetragonal phase (R) [42, 62, 92, 93]. Table 4 in
the appendix gives the equations of fitted black curves.
The following procedure was used to derive Sr fractions from the lattice parameters
of a two-phase powder (Table 3 in the appendix) and the equations in Table 4. Fig. 4.5
shows an example for the two-phase powder with a total Sr fraction z = 0.4. The
horizontal purple lines indicate its lattice parameters (e.g. aP in Fig. 4.5a), the solid
black curves are the fitting curves from Fig. 4.4 (e.g. aP (x)). The dashed black curves
indicate the error range (e.g. aP (x) ± standard deviation σaP ).
With Equations (4.1) and (4.2) the sum of squares of errors Sx and Sy of lattice
parameters measured in a two-phase powder (e.g. aP ) and calculated for a single-phase
powder with a certain Sr fraction (e.g. aP (x)) were calculated. Owing to different
accuracy in measuring a and c lattice parameters the least squares are weighted with
the standard deviations of the fitting curves (e.g. σaP ) [94]:
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Sx =
(
aP − aP (x)
σaP
)2
+
(
cP − cP (x)
σcP
)2
(4.1)
Sy =
(
aR − aR(y)
σaR
)2
+
(
cR − cR(y)
σcR
)2
. (4.2)
Excel Solver (Microsoft, USA) was used to find a x and y which minimizes the sum of
squares of errors Sx and Sy resulting in x = xLS and y = yLS (least squares method).
The results are given in Table 5 in the appendix and indicated as circles in Fig. 4.5.
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Figure 4.5: Fitted curves of P (a, c) and R (b, d) lattice parameters with dashed curves
indicating the 1-σ error range. Purple lines indicate lattice parameters in a two-phase powder
with total Sr fraction z = 0.4. Purple circles indicate Sr distribution in the two-phase powder
obtained by least squares method (Sr fraction in P xLS and R yLS).
The example in Fig. 4.5 nicely shows the effect of weighting the errors with the stan-
dard deviations. The lattice parameters of P in the two-phase powder is located in
a region (x ≈ 0.4, see Figs. 4.5a and c) where the ratio between slope and standard
deviation of the fitted curves are similar for the a and c lattice parameter. Hence, both
lattice parameter errors are considered equivalently, resulting in a symmetric deviation
of the Sr fraction determined by the least square method xLS around the solid black
curves. Conversely, the Sr fraction in R y can be determined much more accurately
with aR in Fig. 4.5b. Because cR(y) in Fig. 4.5d has a small slope and large standard
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deviation, a larger deviation of yLS from the intersection of the black curve and purple
line is tolerated by the least square method; a shift to lower yLS would decrease the
square of weighted error of cR (Fig. 4.5d) only slightly, while the error of aR (Fig. 4.5b)
would increase largely.
For the estimation of the 1-σ error bar of xLS and yLS the intersections of the purple
lines and the dashed curves in Fig. 4.5 were calculated. The resulting theoretical ranges
of Sr fractions for each lattice parameter are given in the appendix in Table 5. For
example ∆xa = xa,min − xa,max is the range of Sr fraction in P determined only from
lattice parameter aP . The smaller range of |∆xa| or |∆xc|, and |∆ya| or |∆yc| was used
as 1-σ error.
The previously described procedure is suitable to determine the Sr fraction in P x
in the full range of 0 < x < 0.5 with an error smaller than ±0.04. The error for
determination of the Sr fraction in R y is in general larger and increases with y. For
y = 0.5 it exceeds ±0.08.
It was also tried to use the functional relationship between Sr fraction and elementary
cell volume to determine the Sr distribution between P and R. The slopes of curves
fitted to cell volumes calculated from lattice parameters are smaller because aP (x)
and cP (x), and aR(y) and cR(y) show opposite variation with Sr fraction for most
x and y. Besides, the fitted curves have a larger standard deviation due to error
propagation. The obtained Sr distributions scattered more in the y vs. x plot. Thus,
the elementary cell volumes were only used to calculate the densities of phases with
different Sr fraction. Table 4 in the appendix gives the fit equations for the densities
ρP (x) and ρR(y) which are used later in the quantitative TEM-EDX analysis for PLD
films and in the quantification of the TPB effect.
Sr distribution between La1−xSrxCoO3−δ (P) and (La1−ySry)2CoO4±δ (R) Fig. 4.6
shows the Sr distribution between P and R phase in two-phase powders in different
plots. In general it can be assumed that the powders are in sufficient thermodynamic
equilibrium. This was confirmed by additionally annealing the three powders with
z = 0.33 (circles in Fig. 4.6a with x = 0.15, 0.22, 0.27) for 6 h and 24 h at 1200 °C
after initial annealing for 2 hours. The results for x and y of longer annealed samples
6 h and 24 h agree with each other and with the 2 h sample within the error bars.
Therefore the circles in Fig. 4.6a show the Sr fractions of coexistence in contacting
P and R phases x and y (except from the one in brackets). They are supplemented
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Figure 4.6: a Sr distribution in La1−xSrxCoO3−δ (P) / (La1−ySry)2CoO4±δ (R) two-phase
powders with varying total Sr fraction z and R fraction w (see also Table 5 in the appendix).
Dotted line indicates homogeneous distribution x = y. The solid black curve is the binodal
(4.3) showing the Sr fractions of coexistence in contacting P and R. The crosses indicate the
Sr distribution in two-phase powders with minimum and maximum total Sr fraction [19] and
the white area indicates the stability zone of pure P and R [19]. The data point in brackets
contains higher-order R and was not used for binodal fitting. The tie-line indicates all possible
(non-equilibrium) Sr distributions for fixed w = 0.6 and z = 0.32, see also Equation (4.4).
b Weight fraction of higher-order R obtained by Rietveld refinement as function of total Sr
fraction zICP−OES (obtained by chemical analysis) in powders with a nominal R fraction
w = 0.5. c Sr fraction in P x as function of R fraction wICP−OES for fixed z = 0.33 (x = z
for w = 0). d Sr fraction x in P as function of total Sr fraction zICP−OES for fixed w = 0.5.
Dotted line indicates homogeneous distribution x = y = z. The data point in brackets
contains higher-order R. The white areas in b and d indicate the stability zone of P/R two-
phase systems for w = 0.5 according to ref. [19].
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by data from ref. [19] (crosses) which mark the endpoints of P/R two-phase powders
with a minimum and maximum total Sr content z; for them, thermodynamic equilibrium
was experimentally confirmed. Beyond the left cross (z ≤ 0.2) a limiting Sr fraction
in P of x = 0.05 and in R of y = 0.3 is reached and additionally a La2O3-SrO solid
solution is formed (field VIII in Fig. 2.1), beyond the right cross (z ≥ 0.66) a limiting
Sr fraction in P of x = 0.8 and in R of y = 0.55 is reached and additionally Sr2Co2O5
is formed (field IV in Fig. 2.1). The white area shows the stability range for x and y of
pure P and R according to ref. [19].
The binodal yTD(xTD) (solid black curve in Fig. 4.6a) connects the endpoints and
shows the whole range of Sr fractions in coexisting P and R phases in P/R two-phase
powders in thermodynamic equilibrium. The binodal is a regression curve (excluding
the data point in brackets) and can be expressed by
yTD(xTD) = 0.2120 · log(xTD) + 0.5695 with 0.05 ≤ xTD ≤ 0.8 . (4.3)
Equation (4.3) has not necessarily a physical meaning, primarily it is a suitable function
for interpolation.
The tie-line (purple dashed line in Fig. 4.6a) represents all theoretically possible Sr
distributions between P and R in a (non-equilibrium) two-phase system with a fixed
total Sr fraction z and a fixed R fraction w. The tie-line y(x) is derived from atomic
balances (2.3), (2.5):
y(x) = w − 12 · w · x+
(w + 1) · z
2 · w with
(1− w) · z − 2 · w
1− w ≤ x ≤
(1− w) · z
1− w . (4.4)
The range of validity is determined by all 0 ≤ x ≤ 1 that result in 0 ≤ y ≤ 1. The
intersection of tie-line (4.4) and binodal (4.3) y(x) = yTD(xTD) yields the thermody-
namic Sr distribution xTD and yTD between P and R for any two-phase material as
long as xTD lies within the validity range of the binodal. This procedure is used later
to evaluate the Sr distribution in PLD films and to quantify the TPB effect.
In powders with z ≥ 0.6 higher-order R was additionally formed (data points in brack-
ets, see Figs. 4.6a, d). Fig. 4.6b shows the weight fraction of higher-order R obtained
by Rietveld refinement in powders with different total Sr fractions z and a nominal
R fraction w = 0.5. The white area in Fig. 4.6b shows the range of total Sr fraction
z for two-phase powders with w = 0.5 in which only P and R coexist according to
63
4.1. THERMODYNAMICS OF SR DISTRIBUTION IN P/R TWO-PHASE
POWDERS
ref. [19]. Therefore it is assumed that the present powders with very high Sr contents
(e.g. data points in brackets) are not in sufficient thermodynamic equilibrium and
longer equilibration times at 1200 °C are necessary according to ref. [19] as discussed
before.
Fig. 4.6a shows that there is a accumulation of Sr in the R phase and a depletion of
Sr in the P phase when the total Sr fraction z falls below a value that would result in
x = y ≈ 0.5 (intersection of binodal and dotted line where x = y; z at the intersection
depends on w). A high Sr fraction in R results in an average Co oxidation state in R
which is closer to Co3+; R without Sr would comprise Co2+. Pure Co2+ oxidation state
in oxides is found to be less stable than values approaching 3+ (see Section 2.1). This
would be a plausible driving force for the Sr accumulation in R.
Figs. 4.6c and d show the consequences of the accumulation of Sr in the R phase for
the Sr fraction in P. The higher the R fraction w in two-phase materials with fixed
total Sr fraction is, the lower becomes x (Fig. 4.6c). R "drains" Sr from P which is the
more pronounced the larger the R fraction, according to mass action laws and the mass
balance. For two-phase materials with a fixed R fraction of w = 0.5 Fig. 4.6d shows
that with increasing total Sr fraction z also the Sr fraction in P increases but stays
below z (dotted line) until z ≈ 0.45 is reached where x = y = z. The maximum Sr
fraction in P x ≈ 0.6 is reached for a total Sr fraction of z = 0.5. Additional Sr will
form higher-order R but will not increase x (data point in brackets).
To summarize, it was possible to determine the Sr distribution between P and R in
two-phase powders from lattice parameters obtained by XRD and Rietveld refinement.
An accumulation of Sr in the R phase and depletion in the P phase, especially for
low total Sr fractions z was observed in two-phase powders close to thermodynamic
equilibrium at 1200 °C. For z = 0.6 or larger, additionally a higher-order Ruddlesden-
Popper phase is formed.
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4.2 Morphological and chemical characterization of
La-Sr-Co-O films
SEM images of all prepared films were acquired in order to:
(i) Make sure that the thin films are suitable for electrochemical characterization
with EIS. They have to be non-porous and should not comprise a larger quantity
of holes, cracks or excessive roughness because this would enlarge the surface area
active for ORR which can not be quantified reliably. Additionally, TEM was used
to investigate this, and to check the contact with the YSZ electrolyte substrate.
(ii) Identify characteristic crystallite morphologies in order to assign them as clearly
as possible to one or more different phases and to recognize them in the self-
assembled two-phase films (e.g. P or R in SATP films), see Section 4.2.5.
(iii) Use the grain size distribution together with the information of (ii) to determine
the TPB density in SATP films (see Section 4.2.7).
(iv) Evaluate the morphological reproducibility of the films in terms of (i–iii).
All SEM images in the following sections were acquired using an in-lens secondary
electron detector with a magnification from 20,000 – 100,000x. There was no fixed
contrast level used for the detector. Contrast and brightness were balanced afterwards
for comparison of images. SEM images of the center of the substrate and of one corner
were acquired to check if the film morphology is uniform within the whole substrate.
Only sections of SEM images are shown which are representative for the whole image.
Different quality of the SEM images are usually due to different electrical conductivities
of the samples (charging effects) or beam damage. It is worth noting that different
contrast levels can give different impressions on the roughness of one sample.
Supplementary thin film XRD was generally performed in order to:
(i) Check if the films contain crystalline phases.
(ii) Unambiguously identify the P and R phase in SATP films.
(iii) Identify additional phases.
In general thin film XRD shows weak film reflections due to small film thickness
below 200 nm. Also, due to small crystallites and preferred orientation the film peaks
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are broadened and textured. Because additionally many P and R reflections overlap,
only in some cases it was possible to unambiguously identify both the P and R phase
in SATP films by XRD. The fact that a reflection of a certain phase is missing in the
diffractogram does not necessarily mean that this phase is not present in the film. As
a consequence of these limitations Rietveld refinement for a determination of the Sr
fraction in P x and in R y was not possible with thin film X-ray diffractograms.
Owing to the use of different XRD setups the scaling of the diffractograms were
adapted by adjusting the YSZ substrate peak at 35° to the same height. Artifacts which
do not appear in the blank YSZ substrate diffractogram are marked with asterisks.
The red and green lines in the diffractograms mark the positions of reflections of the
P and R phase which were strong enough to be found in any of the thin film samples.
Additionally the reciprocal lattice indices h k l of the reflections are given (for more
details see Table 2 in the appendix).
The precise PLD conditions used for the thin films in this work are collected in
Table 1 in the appendix. Systematic variation of PLD conditions were primarily done
for SATP films (see Section 4.2.3). Single-phase films were prepared only sporadically
as references, mainly with PLD conditions typical for SATP films. All films contain a
constant Sr fraction znom = 0.3 which was checked with ICP-OES chemical analysis for
several films and resulted in zICP−OES = 0.30±0.02. Determined R fractions in films
wICP−OES also have a standard deviation of ±0.02.
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4.2.1 Morphology of P and R single-phase films
Single-phase La0.7Sr0.3CoO3−δ and Co-deficient perovskite (P) films Fig. 4.7
shows SEM images of nominally 100 nm thick single-phase P films with a nominal
Sr fraction x = 0.3. Except e and f they were prepared under "standard PLD con-
ditions" (see Section 3.1.2) and contain different Co-stoichiometry. The single-phase
P films grow densely without pores in a columnar way (see TEM in Fig. 4.8). TEM
also shows good contact between film and substrate. Only F29b in Fig. 4.7d contains
occasional cracks.
The chemical analysis of the cation stoichiometric single-phase P films in Figs. 4.7a
and b resulted in wICP−OES = -0.01 and 0.02±0.02. Both have a similar morphology
and consist mainly of about 100 nm large "Sintered Pebbles", see red boxes in Figs. 4.7a
and b. Crystallite morphologies are discussed in detail in Section 4.2.5. The Co richer
film in Fig. 4.7a additionally shows individual hexagonal crystallites marked by the
yellow box. In its X-ray diffractogram a tiny peak at 19° appears, labeled by the
solid circle in Fig. 4.9 (F79b), which was identified as spinel-type Co3O4 and disappears
almost completely in F78b (wICP−OES = 0.02). In F73a (not shown), which has a
slight Co-deficit of wICP−OES = 0.03, the peak does not appear. Apart from this the
diffractograms of F79b and F78b in Fig. 4.9 show only P reflections, mainly of the
(110)/(104) at 33° and the corresponding (220)/(208) lattice planes at 69°, but also
unambiguous P reflections at 23° and 41° and no other phases.
Co-deficient single-phase P films in Figs. 4.7c to f (wICP−OES = 0.10) consist mainly
of crystallites with "Puzzle Pieces" morphology (red box in Fig. 4.7f). The roughness
of the surface differs and the size of the crystallites lies between 80 nm in Fig. 4.7c
and 180 nm in Fig. 4.7e. The films in Figs. 4.7d and f were prepared one year after
the films in Figs. 4.7c and e under nominally identical conditions. Their morphological
reproducibility is good and like the stoichiometric films they show mainly reflections of
the (110)/(104) and the corresponding (220)/(208) lattice planes in Fig. 4.9.
According to ICP-OES chemical analysis the films in Figs. 4.7c to f should comprise
10 mole percent R, but only the SEM images of F29b and possibly F19a show signs
for the precipitation of a much smaller amount of R crystallites (boxes in Figs. 4.7c
and d). F19a also shows very weak X-ray reflections of R phase at about 44° in Fig. 4.9.
When the deposition rate is lowered to 0.09 nm/s and the post-annealing temperature
is increased to 750 °C (Figs. 4.7e, f) these indications for the formation of a second
phase disappear. For a further discussion of the Co-deficient P see also Section 4.2.6.
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a) b)
c) d)
e) f)
Figure 4.7: SEM images of 100 nm thick single-phase perovskite (P) PLD films de-
posited on a YSZ single crystal. a (F79a) and b (F78a) contain cation stoichiometric P
(wICP−OES = −0.01 and 0.02), while c, d, e and f (F19a, F29b, F6a, F30b) are Co-deficient
with wICP−OES = 0.10. a to d were prepared under standard PLD conditions, e and f were
deposited with only 0.09 nm/s and post-annealed at higher Tpa = 750 °C. Red boxes highlight
crystallite morphologies associated with P, the green box indicates R and yellow boxes mark
other details that could not be clearly assigned (in a: maybe Co3O4 crystallites).
Figure 4.8: TEM bright field image of single-phase Co-deficient P film F30a showing uni-
form, columnar grain growth and no hints for R precipitates. Image is rotated to have the
YSZ substrate at the bottom.
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Figure 4.9: X-ray diffractograms in logarithmic scale of the single-phase P films shown in
Figs. 4.7a to f (from top to bottom). F79b and F78b are cation stoichiometric P films, the
others are Co-deficient P films. Additionally the diffractograms of the bare single crystal YSZ
substrate and of pure P powder are shown. The asterisks denote artifacts for measurements
on the older X-ray diffractometer (mainly Cu Kβ reflections of YSZ). The solid circle indicates
a tiny peak which has been assigned to Co3O4.
Single-phase (La0.7Sr0.3)2CoO4+δ Ruddlesden-Popper phase (R) films Fig. 4.10
and Fig. 4.11 show SEM images of single-phase R films with a nominal Sr fraction
y = 0.3. They were all prepared with the same PLD target at 770 °C which is the mini-
mum temperature to deposit R films with a good XRD crystallinity and showing only R
reflections. The chemical analysis of F32 (Fig. 4.10a) resulted in a slight (La,Sr) excess
which would yield a theoretical R fraction of wICP−OES = 1.16. According to the ther-
modynamics in Section 2.1 the formation of some La2O3-SrO solid solution is possible
but no reflections were observed in XRD.
Film F32a has an average crystallite size of 40 nm which is much smaller than the
crystallites in the single-phase P films prepared under the same PLD conditions. The
TEM image in Fig. 4.12 shows the absence of pores and cracks, a good contact to the
YSZ electrolyte substrate but a much higher roughness compared to the TEM image
of the P film (Fig. 4.8).
The film in Fig. 4.10b was prepared under standard PLD conditions as well but is
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a) b)
c) d)
Figure 4.10: SEM images of single-phase Ruddlesden-Popper phase (R) PLD films. The
films shown in a (F32a) and b (F53a) have a thickness of 100 nm and 150 nm and were
deposited under standard PLD conditions. c (F8a) and d (F15a) have a thickness of 200 nm
and were deposited with 0.09 nm/s and post-annealed at 750 °C. Green boxes highlight
crystallite morphologies associated with the R phase.
a) b)
Figure 4.11: SEM images of 100 nm thick R films prepared under standard PLD conditions
on an additional 10 nm thick P buffer layer. a (F23b) was deposited with 0.18 and b (F25b)
with 0.018 nm/s. Green boxes highlight R "Twinned Pyramids", the yellow box a deep gap.
Figure 4.12: TEM bright field image of single-phase R film F32b. Image is rotated to have
the YSZ substrate at the bottom.
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thicker than F32a and contains larger crystallites. The dark crystallites in Fig. 4.10a
(right green box) look like smaller and rougher versions of the dark ones in b (and d).
The even thicker R films shown in Figs. 4.10c and d were prepared under nominally
identical conditions within three months with a slower deposition rate and a higher
post-annealing temperature than the films in Figs. 4.10a and b. The four single-phase
R films in Fig. 4.10 show a high variety in crystal morphologies which may be due to
the anisotropy of R. Also, the morphological reproducibility is rather poor compared
to the P films.
The R film shown in Fig. 4.11a and F32a in Fig. 4.10a were prepared under nominally
identical conditions but a 10 nm thick P buffer layer was deposited on the YSZ prior to
R deposition. The buffer layer consists of 5 – 10 nm large P crystallites (see Fig. 4.28b).
The buffer layer seems to unify the crystallite morphology. The difference in grain size
in Figs. 4.11a and b clearly shows the influence of deposition rates (0.18 and 0.018 nm/s)
on single-phase R films.
There are at least three different morphologies of R crystallites which are also dis-
cussed in Section 4.2.5. (i) The dark flat crystallites without a uniform shape in
Fig. 4.10b, left green box ("Grey Flakes") and Fig. 4.10d right green box. When films
get thicker and have enough time to grow a truncated pyramid shape with a square or
rhombus base is formed. (ii) The "rock" like crystallites in Fig. 4.10d marked by the left
green box ("Bright Rocks"). They look like obliquely growing prism or pyramids with an
approximate square or rhombus base. (iii) The third morphology "Twinned Pyramids"
is the most characteristic for R crystallites and can be found in most R containing films.
In Figs. 4.10a, b and c and in Fig. 4.11 many crystallites have a (truncated) pyramid like
shape with an approximate rectangular base. They appear bright in the SEM image
due to a high secondary electron yield at the inclined faces of the crystallites. Their
edges are usually aligned parallel to the substrate edges. In the TEM image in Fig. 4.12
they appear as trapezoid crystallites protruding out of the film surface. They can of-
ten be found as parallel or rectangular arranged crystal twins, especially in Fig. 4.11b
(green box), Figs. 4.10c and b (right green box), and in Fig. 4.10a (left green box) and
Fig. 4.11a as smaller versions.
The X-ray diffractograms of the R films in Fig. 4.13 show that the reflections of the
(110) and the corresponding (220) lattice planes are dominating in most films. Also
other reflections occur, especially the (002)/(004)/(006)/(008) lattice planes in F53a and
F15a. Their intensities correlate with the appearance of R "Grey Flakes" crystallites.
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Figure 4.13: X-ray diffractograms in logarithmic scale of single-phase R films shown in
Figs. 4.10a to d and Figs. 4.11a, b (from top to bottom). Additionally the diffractograms of
the bare single crystal YSZ substrate and of R powder are shown. Asterisks denote artifacts
for measurements on the older X-ray diffractometer (mainly Cu Kβ reflections of YSZ).
Bi-layer with either single-phase R or Co-deficient single-phase P on top Samples
made by sequential deposition of R and Co-deficient P are denoted as bi-layer films.
Even if these films were not electrochemically analyzed, their morphological analysis is
useful for the phase assignment in self-assembled two-phase films (Section 4.2.5).
The SEM images in Figs. 4.14a, b and c show (La0.7Sr0.3)2CoO4+δ (R) deposited on
Co-deficient P under slightly different conditions. The film morphologies are more
similar to each other than the R films deposited directly on single crystal YSZ in
Fig. 4.10. All films contain crystallites with "Grey Flakes" morphology (green boxes
with darker crystallites). This morphology seems to dominate when Co-deficient P
forms a 50 nm (a, b) or 25 nm (c) thick bottom layer and looks like a "propagation" of
the "Puzzle Pieces" morphology beneath. Additionally R "Twinned Pyramids" appear in
Figs. 4.14b, c and R "Bright Rocks" in Fig. 4.14a (green box with brighter crystallites).
When vice versa Co-deficient P is deposited on R (Fig. 4.14d) up to 1 µm large
domains of crystallites are formed which are reminiscent of the "Sintered Pebbles" in
Fig. 4.7b, often aligned to the substrate’s edges (middle and left red boxes). Smaller
domains of crystallites with "Puzzle Pieces" morphology also appear (right box).
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a) b)
c) d)
Figure 4.14: SEM images of R on Co-deficient P bi-layer samples (a F41a, b F54a, c F47a).
a and b contain 50 nm thick layers, while c contains 25 nm thick layers. b was post-annealed
and cooled down to room temperature after the P layer was deposited. d (F39b) comprises
50 nm Co-deficient P on 50 nm R. Green/red boxes indicate characteristic R/P crystallites.
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Figure 4.15: X-ray diffractograms in logarithmic scale of bi-layer films shown in Figs. 4.14a
(F41b), c (F47a) and d (F39a). The asterisks denote artifacts for measurements on the older
X-ray diffractometer (mainly Cu Kβ reflections of YSZ).
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The X-ray diffractograms in Fig. 4.15 show unique reflections for P and R phase and
no other peaks. The appearance of (002)/(004)/(006)/(008) R reflections is related to
the "Grey Flakes" morphology.
To summarize, P and R and bi-layer films could be prepared by PLD and showed
reflections of P and R and no other phases in XRD. Crystallites of both phases appear in
several morphologies. All films exhibit good contact to the single crystal YSZ substrate,
no pores and low or acceptable surface roughness.
4.2.2 Reproducibility of self-assembled two-phase (SATP) films
While the morphology of self-assembled two-phase (SATP) films exhibit features seen
already in the single-phase P and R films, also some new features appear. This section
is focussed on the morphological characterization and morphological reproducibility of
"standard SATP films" during the whole project on different levels, because after the
first reproduction in the middle of the project a significant change in ORR proper-
ties was observed. The ORR activities of these standard SATP films are discussed in
Section 4.3.3. A concluding discussion of crystallite morphologies and phase assignment
in SATP films is given together with TEM-EDX analysis in Section 4.2.4 and 4.2.5.
"Standard SATP films" are nominally 100 nm thick SATP films with a nominal R frac-
tion of wnom = 0.5 which were prepared under standard PLD conditions (Section 3.1.2).
Under these conditions both single-phase P and R films show good crystallinity and
(usually) only P and R reflections in XRD. The deposition temperature is low enough
and the deposition rate high enough to yield very small crystallites. This and a bal-
anced P/R ratio is required to achieve a high TPB density in SATP films. The ICP-OES
chemical analysis of SATP film F34 with wnom = 0.5 resulted in zICP−OES = 0.32 and
a theoretical R fraction of wICP−OES = 0.60.
Figure 4.16: TEM bright field image of standard SATP film F65a showing columnar grain
growth. Image is rotated to have the YSZ substrate at the bottom.
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The TEM image of F65 in Fig. 4.16 shows a predominant columnar crystallite growth,
no pores and truncated pyramids protruding from the film surface similar to the pure R
film in Fig. 4.12. Standard SATP films contain a wide range of crystallite sizes between
20 and 80 nm which is investigated in Section 4.2.7.
Reproducibility within sample Fig. 4.17 shows four regions of the standard SATP film
F66b. The regions are chosen at the corners of the YSZ substrate with 1.5 mm distance
to the edges. The density of circular "Dark Terraces" crystallites (close-up in Fig. 4.23d,
black box) varies a lot, especially between the upper (Figs. 4.17a, b) and lower (c, d)
part of the substrate. Gradual change in film thickness, deposition temperature or other
surface properties along the substrate surface could be the reason. For this, F66b is the
worst case scenario since most other PLD films show almost no difference in morphology
between the center and one corner – usually the differences are smaller than between
Figs. 4.17c and d.
a) b)
c) d)
Figure 4.17: SEM images of standard SATP film F66b show regions close to the corners of
the substrate. In F66b the film morphology varies a lot within the sample.
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a) b)
c) d)
Figure 4.18: SEM images of nominally 100 nm thin self-assembled two-phase (SATP) films
prepared under standard PLD conditions with R fraction wnom = 0.5. Every image shows the
center of each sample from one PLD batch. a shows F17a, b F17b, c F17c and d F17d.
a) b)
c) d)
Figure 4.19: SEM images of standard SATP films prepared under nominally identical
conditions as the SATP films in Fig. 4.18, but 16 months later. Every image shows the
center of each sample from one PLD batch. a shows F45a, b F45b, c F45c and d F45d.
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a) b)
c) d)
Figure 4.20: SEM images of standard SATP films prepared under nominally identical
conditions as the SATP films in Fig. 4.18, but 32 months later. Every image shows the
center of each sample from one PLD batch. a shows F65a, b F65b, c F65c and d F65d.
a) b)
c) d)
Figure 4.21: SEM images of standard SATP films prepared under nominally identical
conditions as the SATP films in Fig. 4.18, but 32 months later and one day after F65 (Fig. 4.20).
Every image shows the center of each sample from one PLD batch. a shows F66b, b F66c,
c F66a and d F66d – this order corresponds to the density of crystallites with "Dark Terraces"
morphology (compare XRD in Fig. 4.22).
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Reproducibility within PLD batch For the standard SATP films shown in Figs. 4.18,
4.19 and 4.20 both the crystallite morphologies and their surface fractions are well repro-
ducible between the four substrates of one PLD batch. Also, the X-ray diffractograms
show the same texturing (not shown).
The largest variation within one PLD batch is illustrated in Fig. 4.21. It shows SEM
images of the center of each of the four substrates from PLD batch F66. The density
of "Dark Terraces" increases in the order of Figs. 4.21a to d (F66b, F66c, F66a and
F66d). In the X-ray diffractograms of F66 (Fig. 4.22) peaks and texturing are similar,
apart from the peak at 27.5° (and 23.5°) which changes a lot in intensity. Powder
XRD in Fig. 4.3 showed reflections of a higher-order Ruddlesden-Popper phase at these
positions. When the diffractograms are arranged according to the intensity of the peak
at 27.5° a correlation between the density of "Dark Terraces" visible in SEM images
and the intensity of the additional phase peaks can be observed. This point is further
investigated in Section 4.2.4.
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Figure 4.22: X-ray diffractograms in logarithmic scale of standard SATP films shown in
Fig. 4.21. The order of the diffractograms correspond to the intensity of higher-order R phase
reflections at 27.5° (indicated by solid circles).
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Reproducibility between nominally identical PLD processes When the morphology
and X-ray diffractograms of standard SATP films are compared between different PLD
processes, the differences are much larger. Figs. 4.23a, b, c and d show representative
sections of the films in Figs. 4.18, 4.19, 4.20 and 4.21 which were prepared under nom-
inally identical PLD conditions in different PLD processes. Film F17 (Fig. 4.23a) was
prepared in the beginning of the project, F45 (Fig. 4.23b) was reproduced 16 months
later and F65 and F66 (Figs. 4.23c and d) were reproduced 32 months later under the
same conditions. F66 was prepared one day after F65.
Large differences in morphology even for the PLD batches prepared on two subsequent
days can be observed. While the average crystal size stays about the same and only R
"Twinned Pyramids" can be found in every SEM image, the morphology of the remaining
crystallites differs a lot.
a) b)
c) d)
Figure 4.23: SEM images of standard SATP films prepared under nominally identical condi-
tions, see also Figs. 4.18, 4.19, 4.20 and 4.21. a shows F17d. b (F45d) was prepared 16 months
later than F17, c (F65a) and d (F66a) were prepared at two consecutive days 32 months later
than F17 under nominally identical conditions. Crystallite morphologies labeled by colored
boxes are discussed in Section 4.2.5; red is P, green is R, black is higher-order R phase and
yellow means no clear assignment is possible or it contains more than one phase.
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Among the X-ray diffractograms in Fig. 4.24 only F17 and F45 show reflections which
can unambiguously be assigned to R and P phase. Additionally, F45 and F66 exhibit
higher-order R reflections while the other two PLD processes yielded films without
reflections of other phases.
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Figure 4.24: X-ray diffractograms in logarithmic scale of standard SATP films shown in
Figs. 4.18b, 4.19c, 4.20c and 4.21c. The diffractograms are representative for the whole PLD
batch. Higher-order R phase reflections are indicated by solid circles. The asterisks denote
artifacts for measurements on the older X-ray diffractometer.
To summarize, the reproduction of standard SATP films yielded large differences
between film morphologies and X-ray diffractograms for nominally identical PLD pro-
cesses (within one sample and one batch the differences are much smaller). In half of
the batches additional reflections appeared which can be assigned to higher-order R.
Even when SEM images of SATP films show morphological features that were already
seen in the single-phase P and R films, it is not possible to assign the phase of every
single crystallite in the SATP films because new morphologies emerged in the SATP
films, or crystallites are too small to be recognized. More information is necessary to
assign the crystallite morphologies indicated by the colored boxes in Fig. 4.23 to the
different phases. This is done in Sections 4.2.4 and 4.2.5.
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4.2.3 Influence of PLD parameters on SATP films
This section describes the attempts to control the TPB density (crystallite size) in
SATP films by changing the PLD conditions. All shown SATP films in this section
have a R fraction of wnom = 0.5. The films are analyzed by EIS to investigate the
influence of TPB density on ORR activity in Section 4.3.
Variation of deposition temperature (post-crystallized amorphous SATP films)
The change of deposition temperature has the strongest influence on the film microstruc-
ture. A very low deposition temperature, e.g. room temperature (RT), results in the
formation of no or non-visible crystallites in SEM (Fig. 1a in the appendix) and no crys-
talline film phases in XRD ("F49a, amorph" in Fig. 4.26). When these amorphous films
are subsequently post-crystallized under mild conditions (Section 3.1) tiny crystallites
visible in SEM are formed (Fig. 4.25). However, XRD still does not show crystalline
P and R phases after post-crystallization (Fig. 4.26), probably the crystallites are still
too small (< 10 nm). Only F57a formed larger crystallites with 10 – 30 nm size and
showed a small reflection at 27° which indicates the formation of higher-order R.
a) b)
c) d)
Figure 4.25: SEM images of La-Sr-Co-O films (wnom = 0.5) deposited at room temperature
in 0.01 mbar O2 and post-crystallized at up to 650 °C as described in Section 3.1.2. a and c
show film F49b in different magnification, b and d (F49c, F57a) were prepared under nominally
identical conditions.
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Figure 4.26: X-ray diffractograms in logarithmic scale of La-Sr-Co-O films deposited at RT
and post-crystallized at up to 650 °C (except amorphous F49a). SEM images of the films are
shown in Fig. 4.25. The solid circle indicates a peak which is associated with higher-order R.
Variation of film thickness of SATP films The film thickness has a strong influence
on the crystallite size in films deposited at 770 °C, compare 200 nm and 20 nm thick
films in Fig. 4.27 which were deposited under almost identical conditions but yielded
100 nm or 20 nm large crystallites. It is expected that the very small crystallites in
Fig. 4.27b represent the number of available crystal nuclei on the substrate. During film
growth several smaller crystallites then fuse to larger ones as it can be seen in the TEM
images in Figs. 4.8, 4.12, 4.16.
a) b)
Figure 4.27: SEM images of nominally 200 nm and 20 nm thick SATP films (a, F10 and
b, F43a), deposited at 770 °C with 0.09 and 0.18 nm/s, wnom = 0.5.
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Unfortunately this way to produce SATP films with potentially higher TPB densities
was not compatible with electrochemical characterization because the lateral electronic
resistance in microelectrodes of the 20 nm thick film (Fig. 4.27b) was too high. When
instead a 20 nm thin SATP layer was prepared on a 100 nm thick (Co-deficient) P
layer, which gives sufficient electronic conductivity, the crystallites got much larger
(Fig. 4.28a), resulting in a low TPB density.
a) b)
Figure 4.28: a SEM image of a 20 nm thick SATP layer (wnom = 0.5) deposited on 100 nm
Co-deficient P (F50a). b SEM image of a 10 nm thick P film (F22a) used as buffer layer for
SATP films shown in Figs. 4.31b, d and f.
Variation of deposition rate of SATP films The motivation for variation of the
deposition rate was to obtain smaller crystallites when they have less time to grow.
Figs. 4.29a and b shows nominally 100 nm thick SATP films which were prepared under
standard PLD conditions but with different deposition rates 0.022 and 0.37 nm/s. The
effect of deposition rate on the film microstructure is weak. While the deposition rate
varies by more than one order of magnitude, the difference of the average crystallite
size is rather small (less than factor 2).
a) b)
Figure 4.29: SEM images of SATP films (wnom = 0.5) deposited at 770 °C under standard
PLD conditions but with different deposition rates. a (F36b) 0.022 and b (F35b) 0.37 nm/s.
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Variation of the "substrate" – SATP films deposited on 10 nm P buffer layers
When pure R is grown on a 10 nm P buffer layer (Fig. 4.28b) the crystallites have
a uniform morphology and are well aligned to the YSZ substrate edges (Fig. 4.11 in
Section 4.2.1). Fig. 4.31 shows SATP films which were all prepared under standard PLD
conditions (100 nm deposited at 770 °C with 0.22 nm/s). On the left side (Figs. 4.31a,
c, e) deposition was done on a blank YSZ substrate, on the right side (Figs. 4.31b, d,
f) the films were deposited on a 10 nm thick P buffer layer shown in Fig. 4.28b.
The effect of the buffer layer on the microstructure of SATP films is much weaker
than for pure R films. With buffer layer the sharp-edged R crystallites are somewhat
better aligned to the substrate edges, the films are rougher but a difference in crystallite
size is hardly noticeable. The X-ray diffractograms of films with buffer layer in general
show larger peaks (Fig. 4.30, grey curves) compared to the films deposited on blank
YSZ (black curves). According to XRD there is no effect of the buffer layer on the
formation of higher-order R. Differences between films prepared at different dates are
much larger than differences between films with and without buffer layers.
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Figure 4.30: X-ray diffractograms in logarithmic scale of SATP films shown in Fig. 4.31. All
films were prepared under nominally identical conditions, but the films in grey were deposited
on 10 nm P buffer layers while the films in black were deposited on blank YSZ single crystal
substrates. Solid circles indicate reflections associated with higher-order R. The asterisks
denote artifacts for measurements on the older X-ray diffractometer.
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a) b)
c) d)
e) f)
Figure 4.31: SEM images of SATP films (wnom = 0.5) deposited under nominally identical
conditions. Films on the right side were deposited on an additional 10 nm P buffer layer
(shown in Fig. 4.28b). c and d (F45c, F46b) were prepared 16 months later and e and f (F65c,
F62a) were prepared 32 months later than a and b (F17d, F18c).
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4.2.4 Phase assignment and Sr distribution in SATP films by
TEM-EDX
TEM-EDX of standard SATP film lamellas was performed to identify the phases of
single grains, to determine the Sr distribution between P and R phase and the degree
of phase dispersion (characteristic phase separation length Ls, see Section 2.4). Owing
to texture, peak overlap and peak broadening a determination of the Sr fraction x in P
and y in R from XRD and Rietveld refinement (as done for powders) was not possible.
Phase assignment by cation composition Fig. 4.32a shows an exemplary top view
of film F65a where the width of a 38 nm thick TEM lamella is indicated and the
figure below gives the actually measured lamella of F65a in cross-sectional view which
is 50 – 25 nm thick. Fig. 4.32b consists of a collage of three STEM images including the
numbering of identified crystallites and a red box showing the typical EDX measurement
area within a crystallite.
An analogous red box is also drawn for the top view image in Fig. 4.32a, indicating
the ideal (and rare) case in which a crystallite completely fills the measured volume.
This case is shown in a HR-TEM image of F66c in Fig. 4.33 (close-up of Fig. 4.37a at
lateral position 1150 nm). There, the TEM-EDX composition in the green (R) and red
(P) labeled regions are consistent with the lattice plane distances of the two phases.
This proves that in principle TEM-EDX is suitable for P/R phase assignment. But
in reality due to lamella thickness or low grain boundary contrast, the measured area
in STEM, which is tentatively assigned to a single crystallite (numbers in Fig. 4.32b)
based on visible grain boundaries often actually comprises several crystallites, e.g. two
in a row in q direction along the thickness of the TEM lamella or side by side.
Therefore it is expected that local cation ratios ξLa,local, ξSr,local and ξCo,local determined
by TEM-EDX ((3.1) – (3.3), see Section 3.2 for calibration procedure) in general result
from a superposition of the compositions of P and R crystallites. Analogously to Eqs.
(2.4), (2.5), the molar ratio of the phases in the measured volume is the local R fraction
wlocal which can be derived from ξCo,local assuming that no other phases are present:
wlocal =
nR,local
nP,local + nR,local
= 1
ξCo,local
− 2 . (4.5)
In Fig. 4.32c wlocal is plotted versus the measured positions in F65a. Even though
only some positions can be clearly assigned to one phase (usually the more frequently
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Figure 4.32: a SEM (top view) and b STEM image (cross-sectional view, HAADF signal) of
standard SATP film F65a. The red stripe is an example for a 38 nm thick TEM lamella. The
red boxes mark typical measurement volumes for TEM-EDX. Numbers in b indicate identified
crystallites (from right to left collected from three STEM images) and c gives their local R
fraction. The lateral scale is identical for all three figures.
Figure 4.33: HR-TEM image of standard SATP film F66c (cross-sectional view of a 18 nm
thick lamella region). Regions with local R fraction wlocal ≈ 0.8 can be identified as R phase
(green), with wlocal ≈ 0.05 as P phase (red) by lattice plane distances. The TPB appears as a
2.5 nm wide transition zone from R to P phase. Some surface regions appear non-crystalline
what seems to result from roughness or lamella preparation.
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present R), the grey guide-to-the-eye should give an idea on which length scale the
phases are separated. There are up to 9 fluctuations within 930 nm lateral length,
resulting in a characteristic phase separation length Ls of about 100 nm.
Sr distribution between P and R phase from composition statistics Fig. 4.34 shows
the local total Sr fraction zlocal of all measured positions in SATP films prepared un-
der standard conditions as a function of their local R fraction wlocal. zlocal is defined
analogously to z in Equation (2.2):
zlocal =
ξSr,local
ξLa,local + ξSr,local
. (4.6)
The error bars in Fig. 4.34 result from measuring error propagation of ∆ξi.
Owing to the superposition of P and R crystallites, the data points are not clearly
divided into two spots representing the Sr fraction of pure P x or of pure R y (scattering
of data points along wlocal axis). On the other hand is the range of wlocal in the SATP
films in Fig. 4.34 much wider than in a single-phase P film, measured for comparison
(Fig. 4.49 in Section 4.2.6). This proves the presence of different phases and is discussed
below in detail with the help of simulations.
Even without a clear separation in wlocal ≈ 0 and wlocal ≈ 1 it was possible to obtain
the pure phases’ Sr fractions x and y by fitting a curve derived from atomic balances
to the data points by the method of least squares. When a pure P/R two-phase system
is assumed, zlocal can also be expressed as the the ratio of the sums of Sr amounts and
La amounts in the two phases ("local" subscript in n skipped for clarity)
zlocal =
nSr,P + nSr,R
nSr,P + nSr,R + nLa,P + nLa,R
. (4.7)
The single contributions of Sr and La amounts to zlocal can be obtained from the amount
of phases in the measured volume nP and nR, the amount of the A-site cations (La,Sr)
relative to the amount of the phases (1 for P and 2 for R) and the Sr fractions x and y
in the phases which are of interest:
nSr,P = nP · x (4.8)
nLa,P = nP · (1− x) (4.9)
nSr,R = nR · 2 · y (4.10)
nLa,R = nR · 2 · (1− y) . (4.11)
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By insertion of Equations (4.8) – (4.11) into Equation (4.7), zlocal is obtained as a
function of the amount of P and R phase in the measured volume and the Sr fractions
in P and R (compare Equation (2.3)). When using the definition of wlocal (4.5) to
eliminate nR and nP , zlocal is obtained as a function of the R fraction in the measured
volume wlocal which is assumed to be different in every measurement,
zlocal(wlocal) =
(
1 + (1/wlocal − 1) · (1− x) + 2 · (1− y)(1/wlocal − 1) · x+ 2 · y
)−1
(4.12)
while in a first approximation x and y are assumed to be constant in the whole film
and only depend on the degree of equilibrium Sr distribution. Furthermore, for a given
two-phase material with an overall R fraction w and total Sr fraction z (e.g. measured
by ICP-OES), owing to atomic balances x and y depend on each other, expressed by
the tie-line equation (4.4). When Equation (4.4) is used to substitute y in Equation
(4.12) for x, w and z, the fitting equation used in Fig. 4.34 is obtained
zlocal(wlocal) =
w · x+ wlocal · (z + w · z − x)
w · (1 + wlocal) . (4.13)
Equation (4.13) gives the expected zlocal for a certain R fraction in the measured
volume wlocal, if w, z and x are known. Because different wlocal and associated zlocal
are measured by TEM-EDX and w and z are known from ICP-OES, x can be used as
fitting parameter to fit the expected relation between wlocal and zlocal to the measured
data in Fig. 4.34.
The results for the fitting of Equation (4.13) to the TEM-EDX composition statis-
tics of SATP films prepared under standard PLD conditions in Fig. 4.34 are given in
Table 4.1. The ICP-OES composition of the films is w = 0.60 and z = 0.32. The
average Sr fraction in P for these films is 23±2 % and the Sr fraction in R is 35±1 %.
The uncertainty of Sr distribution determination by this method can be deducted from
the difference in results for the two different lamellas of F65a.
Table 4.1: Sr distribution between P and R in SATP films, determined by quantitative
analysis of TEM-EDX and fitting of Equation (4.13) to the composition statistics in Fig. 4.34.
sample lamella thickness analyzed lateral analyzed number x y
range / nm range / µm of crystallites
F17c, Fig. 4.34a 12 – 24 1.46 88 0.25 0.34
F65a, Fig. 4.34b 52 – 62 1.48 61 0.21 0.36
F65a, Fig. 4.34c 25 – 50 0.93 34 0.25 0.34
F66c, Fig. 4.34d 13 – 28 1.66 56 0.23 0.35
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Figure 4.34: Results of quantitative and statistical TEM-EDX analysis of grain composition
in SATP films prepared under standard PLD conditions (wICP−OES = 0.60, zICP−OES =
0.32). a F17c, b and c F65a, d F66c. The curve is obtained from fitting with Equation (4.13).
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Figure 4.35: Simulated statistics of measured grain compositions in SATP films with
a ratio of lamella thickness and characteristic separation length of the P and R phases
D = d/Ls = 0.01 (a), 0.10 (b), 0.45 (c) and 1.00 (e). The scheme used for the simulation is
shown in d, there D = 0.45.
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Comparison of Sr distribution between P and R in SATP films and powders The
intersection of the fitted binodal from the powder experiments with a tie-line of w = 0.60
and z = 0.32 (see Fig. 4.6a and Equations (4.3), (4.4)) results in a stronger Sr depletion
to x = 13 % in P and stronger accumulation of y = 38 % in the R phase. Two-phase
powder samples were prepared at 1200 °C within 2 h, SATP films at 770 °C within ca.
10 minutes. In general a more homogeneous Sr distribution means a higher entropy
of mixing and together with a high temperature a larger negative contribution to the
Gibbs energy. Thus, for SATP materials prepared at higher temperature (powders)
a more homogeneous distribution of Sr (less Sr depletion in P) would be expected.
Therefore, thermodynamics can not explain the different Sr distribution of the films.
Instead, the difference can be explained by kinetics.
In both cases crystallites are formed out of a virtually homogeneous mixture
(nanocrystalline solid in case of powders, or plasma plume for films) with a compo-
sition of R fraction w = 0.60 and total Sr fraction z = 0.32. By diffusion of Co to P
crystal nuclei or from R crystal nuclei, crystallites of both phases grow. The Sr distri-
bution equilibrates by preferential diffusion of Sr to R and La to P crystallites during
film growth. In the PLD process, due to lower temperature, the diffusion is much slower
and there is less time for equilibration compared to powder experiments. This promotes
a Sr distribution which is closer to the homogeneous distribution (x = y = z).
Additionally it can be observed in Fig. 4.34 that the scattering of zlocal around the
fitting curve is larger than the error bars for zlocal. Obviously the P and R grains do not
contain a uniform Sr fraction, but vary by up to ±3 % around x and y as mean values.
This also indicates that SATP films are not in thermodynamic equilibrium. The fact
that the scattering is less in Fig. 4.34b for a thicker lamella can be explained by an
averaging over a larger number of grains in q direction.
Characteristic phase separation length from simulation of composition statistics
The simulations in Fig. 4.35 were performed with Matlab for better interpretation of the
statistics of TEM-EDX results in Fig. 4.34. Fig. 4.35d shows a scheme of the model used
for simulations. It assumes that the selected position for TEM-EDX measurement (red
box in Fig. 4.32b) consists of an assembly of grains of the two phases in q direction along
the thickness of the TEM lamella and parallel to the YSZ substrate (see Fig. 4.32a).
The length of the P and R grains in q direction ∆qP and ∆qR result from the char-
acteristic phase separation length Ls and the volumetric R fraction wvol of the whole
film:
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wvol =
(
1 + (1/w − 1) · ρR
ρP
· MP
MR
)−1
. (4.14)
wvol = 0.71 was calculated using molar R fraction w = 0.60. Densities ρR and ρP were
obtained from the equations in Table 4 in the appendix together with the average Sr
distribution in SATP films x = 0.23 and y = 0.35, obtained in this section. Mi are
molar masses of i = P, R.
Depending on the starting position in the lamella q0 and the lamella’s thickness d,
the measured volume contains one, two or even more crystallites of alternating phases.
The resulting local volumetric R fraction wlocal,vol in the measured lamella volume is
then calculated back to the local molar R fraction wlocal:
wlocal =
(
1 + (1/wlocal,vol − 1) · ρP
ρR
· MR
MP
)−1
. (4.15)
The local Sr fraction zlocal in the measured volume results from Equation (4.12), using
x = 23 % and y = 35 %. Additionally, a normally distributed error comparable to the
experimental scatter was added to simulated wlocal and zlocal.
To express the ratio between lamella thickness d and characteristic phase separation
length Ls, which is related to average grain size, D = d/Ls was used as a dimensionless
quantity. For each D, the simulation was done for 200 starting positions q0 which
were randomly selected in a uniform distribution between 0 and 1Ls. Fig. 4.35 shows
the results for D = 0.01 (a), D = 0.1 (b), D = 0.45 (c) and D = 1 (e). Only for
very thin lamella or very large crystallites (D = 0.01), there is a clear separation of
data points which represents either the P or R phase. Even if the lamella is 10 times
thinner than the characteristic phase separation length, 20 % of all data points lie in
between wlocal = 0.1 and 0.9. For D = 0.45 (Fig. 4.35c) there is only a "stretched cloud"
of data points but no clear separation. The absence of data at wlocal . 0.25 results
from the fact that the lamella is thicker than the P grains in the simulation model;
the simulation model in Fig. 4.35d illustrates this case with D = 0.45. For very thick
lamella (D = 1) there is no separation at all and measurements always result in the
average film composition of wlocal = w = 0.60 and zlocal = z = 0.32.
By comparing the simulated statistics with the measured ones in Fig. 4.34, it can
be concluded that D ≈ 0.45 in the SATP films. This results a characteristic phase
separation length Ls in the range of 40 – 130 nm when the average thickness of the
thinnest (F17c) or the thickest lamella (F65a) is used. This is in good agreement with
the separation length of 100 nm determined from the fluctuations in Fig. 4.32c for F65a.
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The difference in the statistics of the two lamellas of film F65a (Figs. 4.34b and c) can
be explained by the difference in average lamella thickness of 57 nm and 38 nm. Even
if there were more positions measured in the thicker film, its range of wlocal is smaller
than in the thinner sample, which is in agreement with the model used for simulation.
The error bars of the thicker sample are smaller because of a higher X-ray yield due to
more material and same TEM-EDX measurement duration.
Identification of higher-order Ruddlesden-Popper phase crystallites The SATP
films F17, F65 and F66 were prepared under nominally identical conditions, their SEM
images (Figs. 4.23a, c, d) look similar apart from additional circular "Dark Terraces" in
F66 (black boxes). The composition statistics of F17c and F65a in Figs. 4.34a and c
show both a "stretched cloud" of data points which can be explained by a pure P and
R two-phase system; the simulated statistics with D = 0.45 in Fig. 4.35c looks very
similar. F65a (Fig. 4.34c) also shows some indication for a separation into data points
at wlocal = 0.85 (≈ R) and wlocal = 0.35 (mainly P). The data points of F17c are even
wider stretched owing to a thinner TEM lamella. Its grains are somewhat smaller and
the TEM images and wlocal of measured positions are shown in Figs. 4.37c and d.
The composition statistics of F66c (Fig. 4.34d) on the other hand shows a cumulation
at wlocal = 0.55 – 0.75. At the same time the lamella of F66c is thinner than in F65a
and the average grain size in SEM images is comparable or even larger. Thus, compared
to F65a it is expected that the composition statistics of F66c should yield an even more
distinctive separation into data points at wlocal ≈ 0 and wlocal ≈ 1, like in F17c or in
the simulation with D = 0.1 (Fig. 4.34a and Fig. 4.35b). An explanation for this is the
presence of a third phase in F66c with a composition that corresponds to w ≈ 0.65, e.g.
a higher-order Ruddlesden-Popper phase (La,Sr)n+1ConOm (n > 1).
Crystallites of this phase with a size up to 150 nm ("Dark Terraces") can be recognized
in the top view SEM image of F66c (Fig. 4.36). Three of them could be clearly identified
by their size and a terrace like surface in the cross-sectional view STEM image of F66c
in Fig. 4.37a and are labeled with blue points. Their wlocal are 0.64, 0.56 and 0.48.
Because their size is several times larger than the lamella thickness, it can be assumed
that wlocal corresponds to their real composition. Therefore it can be concluded that n
in (La,Sr)n+1ConOm is in the range of n = 1/wlocal = 1.6 – 2.1.
These findings are perfectly consistent with the correlation between the surface frac-
tion of "Dark Terraces" visible in SEM images of F66 (Fig. 4.21) and the intensity of
X-ray reflections at 27.5° in Fig. 4.22 which was identified as second-order R phase re-
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Figure 4.36: SEM (left) and HR-TEM image of SATP film F66c showing "Dark Terraces"
crystallites which contain a higher-order Ruddlesden-Popper phase.
flection in powder sample experiments, and the fact that there are no "Dark Terraces"
and no reflections at 27.5° in F65 at all. Fig. 4.38 shows the X-ray diffractograms of all
SATP films in this work for which higher-order R reflections were found, together with
the diffractogram of Sr rich two-phase powder that shows second-order R reflections
marked by solid circles and black lines. The SATP films in Fig. 4.38 were prepared
under various PLD conditions and contain nominal R fractions of wnom = 0.5 or 0.75.
The most characteristic position for higher-order R reflections in films is at around
27°. The precise position varies strongly from 26° in F45c to 27.5° in F66a, probably
the (average) n in (La,Sr)n+1ConOm is different for each film. The positions at about
23.5° and 45° can be clearly observed only for F66a and F45c/F46b. The reflection at
32.5°, which is the strongest in powders, overlaps with P and R reflections and can only
be found in F46b as a shoulder. Due to overlapping and varying peak positions it is
possible that in other SATP films higher-order R reflections are not visible.
The appearance of higher-order R in SATP films is another hint that the films are not
in thermodynamic equilibrium. In two-phase powder samples for which thermodynamic
equilibrium can reasonably be assumed, the higher-order R is formed only for a total
Sr fraction z of 0.60 or larger. In SATP films with low Sr fraction z = 0.32 they seem
to be formed because Co diffusion and phase separation is too slow to reach the stable
P/R two-phase composite.
Therefore one can think of two causes which favor the formation of higher-order R
crystallites, which occur with different abundance in films prepared under nominally
identical conditions. One of them is the exact deposition temperature which will af-
fect surface diffusion rates. For technical reasons, the substrate temperature in PLD can
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Figure 4.38: X-ray diffractograms in logarithmic scale of diverse SATP films which clearly
show higher-order R reflections (PLD conditions given in Table 1 in the appendix). The
positions where diffractograms of two-phase powders with w = 0.5 and z ≥ 0.6 show second-
order R reflections are marked with solid circles and black lines. The asterisks denote artifacts
for measurements on the older X-ray diffractometer (mainly Cu Kβ reflections of YSZ).
differ around ±10 K between different PLD processes. This could explain why films
F66 and F45 contained higher-order R according to XRD (slightly lower temperature)
but F17 and F65 do not or at least not as noticeable (slightly higher temperature).
Furthermore, a certain lateral temperature gradient is expected. This could explain
the difference in higher-order R fraction between F66a, F66b, F66c and F66d and also
within different regions of F66b (Fig. 4.21 and Fig. 4.17).
The other cause for the formation of higher-order R could be the area specific density
of crystal nuclei on the substrate. A high density would result in a short diffusion length
and a good phase separation into P and R. Depending on the production process of
the single crystal YSZ (e.g. polishing) and possible impurities also during PLD film
preparation, the density of nucleation sites can differ between batch, substrates of one
batch or within one substrate. SEM images of F66d (and also F66b), the SATP film
with the highest density of "Dark Terraces", support this hypothesis. The SEM image
in Fig. 4.21d (Figs. 4.17a, b) shows that F66d (F66b, upper part) contains only few
crystallites that appear brighter in SEM than "Dark Terraces". According to their
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morphology (see Section 4.2.5) the brighter crystallites mainly consist of R. In low
resolution SEM (not shown due to insufficient printing contrast) 20 µm long "trails" of
bright crystallites can be recognized which are reminiscent of the polishing scratches on
YSZ substrates, shown in Fig. 3.3b. Thus, it is assumed that polishing scratches induce
nucleation and promote the phase separation into thermodynamic stable P and R.
Scheme for SATP film formation Fig. 4.39 shows a thermodynamic scheme for the
formation of SATP PLD films at 770 °C, comprising crystallites of different phases,
compositions and sizes. However, it depends also on kinetics which state can be reached.
Starting from a homogeneous PLD plasma A with the highest Gibbs energy, after a
very long time the formation of a film E comprising very big crystallites of P and R (e.g.
µm scale) with thermodynamically distributed Sr fractions is expected (lowest Gibbs
energy). Directly after the PLD process at 770 °C for only 10 minutes the formation
of much smaller crystallites down to a few nm (B and C) is observed in SEM, which is
related to a large number of crystal nuclei on the YSZ substrate. Due to larger grain
boundary area of B and C (high surface energy) they have an intermediate Gibbs
energy. Furthermore, the Gibbs energy of a SATP material (C) with equilibrated Sr
distribution between P and R is lower than a SATP material (B) with homogeneous
distribution having the same crystallite size. Since the as-deposited film has not reached
the lowest energy state E, in general it is expected that the films further move towards
an equilibrated Sr distribution and larger crystallite size, whenever kinetically possible
(extended time at elevated temperature).
Crystallites of a higher-order R phase in D are thermodynamically not stable at a
total Sr fraction of z = 0.3 (see Section 4.1). But it can be imagined that their Gibbs
energy is lower than or in the same order of magnitude as the Gibbs energy of SATP
materials with very small crystallites (B, C) as indicated in Fig. 4.39. Thus, they could
form and exist as a metastable material.
The following conclusions can be summarized for the structure and reproducibility of
SATP films. Based on a homogeneous, amorphous material with a cation composition
of w = 0.5 and z = 0.3 as in the PLD plasma arriving on the YSZ substrate, either a
nm scale SATP film with nearly homogeneous Sr distribution (arrow 1) or a film with
larger crystallites of higher-order R is formed (arrow 2). For the first case a high density
of crystal nuclei is assumed to be necessary to keep the required cobalt diffusion lengths
in the range that can occur under the PLD conditions. For the latter only few nuclei
and no long-range diffusion is necessary. Based on the nm scale SATP film with almost
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homogeneous Sr distribution, redistribution of La/Sr (arrow 4) leads to nm scale SATP
films with equilibrated Sr distribution. Additional grain growth may further decrease
the Gibbs energy. It depends on its Gibbs energy relative to the nm scale SATP films
and the relative magnitude of Co and La/Sr diffusivity, if a film with crystallites of
higher-order R decomposes directly to the SATP film with equilibrated Sr distribution
(diffusion of Sr, La and Co) or first to the SATP film with homogeneous Sr distribution
(only Co diffusion, arrow 3 comprises both cases).
higher- 
order R 
z = 0.3 
(w = 0.5) 
to
ta
l G
ib
b
s 
en
er
g
y 
G
 =
 H
 -
 T
∙S
 /
 a
.u
.  
time / a.u. 
PLD 
plasma 
z = 0.3 
(w = 0.5) 
x = 0.3 
y = 0.3 
w = 0.5 
x = 0.13 
y = 0.39 
w = 0.5 
x = 0.13 
y = 0.39 
w = 0.5 
red: La1-xSrxCoO3-δ (P) 
green: (La1-ySry)2CoO4+δ (R) 
black: (La1-zSrz)n+1ConOm                                                  
………. (higher-order R, n ≈ 2) 
1 
2 
3 
4 
5 
A 
B 
D 
C 
E 
Figure 4.39: Gibbs energy scheme for the formation of PLD films comprising large higher-
order R crystallites (D), small P/R crystallites (characteristic for SATP films) with homoge-
neous (B) or equilibrated Sr distribution (C) and large P/R crystallites (E, hypothetical state
of lowest energy). Equilibrium Sr distribution is adopted from powder experiment results in
Section 4.1. The numbered reaction paths are explained in this paragraph.
In order to check if the reaction labeled by arrow 3 is relevant under typical EIS
conditions, film F66a rich in higher-order R was annealed for 24 h at 600 °C in 1 bar O2.
Neither SEM images showed disappearance of the "Dark Terraces" in Fig. 4.21 and
replacement by smaller (P and R) crystallites, nor XRD resulted in a significant decrease
of the peak intensity at 27.5°. But on every "Dark Terrace" up to 5 new crystallites with
a few nm size grew. This is in agreement with ref. [95] from which a diffusion length
of only 0.2 nm within 24 h can be calculated from the Co cation diffusion coefficient
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in La0.6Sr0.4CoO3−δ at 600 °C (Co diffusivity is 2 – 3 times larger than that of La,
Sr). Therefore it is concluded that under EIS conditions the reaction path labeled by
arrow 3 possibly just starts, and the SATP formation from higher-order R and the
Sr redistribution would happen almost simultaneously due to the small difference in
diffusion coefficients of Co and La/Sr. For the PLD growth conditions (6 minutes at
770 °C) a diffusion length of only 0.6 nm was deduced from the data in ref. [95], but it
has to be considered that the mobility of cations on the surface which arrive with high
energy is much larger than in already formed crystallites.
To summarize, cross-sectional TEM-EDX is suitable to analyze the chemistry of
SATP films consisting of nano-scale crystallites with some limitations. The small size
of crystallites is necessary to obtain high TPB density but brings the TEM sample
preparation to a limit. Due to TEM lamella thickness, composition analysis of single
crystallites was only possible in rare cases and therefore composition statistics together
with simulations were used to obtain Sr distribution and degree of phase separation
within standard SATP films. The films do not show indications of large agglomerates
of crystallites of a single phase and simulations suggest a characteristic phase separation
length Ls between 40 and 130 nm which lies in the range of twice the crystallite size.
Composition statistics resulted in an average Sr distribution of x = 0.23 ± 0.02 (P)
and y = 0.35± 0.01 (R) which is more homogeneous compared to powder experiments.
Analysis of conspicuous crystallites indicated the formation of higher-order Ruddlesden-
Popper crystallites which were not found in powders with the same average composition.
Both findings show that the present SATP films are not in thermodynamic equilibrium.
The standard SATP films (w = 0.6) seem to be a mixture of higher-order R, P and R
crystallites with partially equilibrated Sr distribution. The fraction of higher-order R
crystallites and also the degree of Sr equilibration depend on factors such as density of
crystal nuclei and cation diffusivities.
4.2.5 Phase assignment in SATP films by crystallite morphology
With the help of ICP-OES, XRD, SEM results from Section 4.2.1 and TEM-EDX in
4.2.4 it is now possible to assign one or more phases (and the corresponding chem-
ical composition) to every crystallite morphology found in La-Sr-Co-O films. When
crystallites are large enough it is possible to draw some conclusions about the surface
composition and phase dispersion in SATP films by analyzing SEM images. This can
be applied to a much larger number of samples than TEM-EDX.
Crystallites of single-phase and SATP films show a large variety of shapes and sizes.
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a) g)
b) f)
c) e)
d)
Figure 4.40: SEM images of crystallites which are representative for the crystallite mor-
phologies found in La-Sr-Co-O films: a "Dark Terraces", b "Grey Flakes", c "Sintered Pebbles",
d "Puzzle Pieces", e "Stacked Sheets", f "Bright Rocks", g "Twinned Pyramids".
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a) b)
c) d)
Figure 4.41: SEM images of La-Sr-Co-O films containing crystallites with "Dark Terraces"
morphology, labeled by colored boxes. Black boxes mark crystallites which were identified as
higher-order R. For the yellow labeled crystallite no clear phase assignment could be given.
All four films are SATP films with a theoretical volumetric R fraction of wvol = 0.71 or 0.93
for c; a F66a, b F17b, c F67a, d F18a.
Often, the transitions between diverse morphologies are not sharp. Therefore, a number
of morphology classes are defined which represent a narrow range of crystallite shapes.
For every class close-ups of representative crystallites are shown in Figs. 4.40a to g. The
morphologies are ordered by similarity of shape and are individually discussed below
with several examples of their appearance. The results are summarized in Table 4.2 at
the end of this section.
"Dark Terraces" "Dark Terraces" crystallites (Figs. 4.40a, 4.41) have an almost cir-
cular shape with about 100 nm diameter and appear dark in SEM images. They look
like several circular sheets with decreasing diameter stacked on each other resulting in
"terraces". The contrast of the "terrace edges" in SEM is not always high enough for
clear recognition (e.g. Fig. 4.41b) and below a certain crystallite diameter it seems like
"terraces" are not formed any more (Figs. 4.41c and d). In the yellow labeled crystallite
in Fig. 4.41d the "terrace edges" rather have spiral shape.
"Dark Terraces" crystallites appear only in SATP films and were clearly identified
as higher-order Ruddlesden-Popper phase (La,Sr)n+1ConOm with n = 1.6 – 2.1 by
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a) b)
c) d)
Figure 4.42: SEM images of La-Sr-Co-O films containing crystallites with "Grey Flakes"
morphology, labeled by colored boxes. Green and red boxes label crystallites identified as R
and P, yellow means no clear assignment is possible. a (F54a) Bi-layer film with R on top,
b (F53a) single-phase R film, c (F72a) and d (F64a) SATP films with volumetric R fractions
wvol = 0.24 and 0.48.
TEM-EDX and XRD in Section 4.2.4. Films with a higher amount of this crystallite
morphology (e.g. Figs. 4.41a and c) show a peak at about 27° in XRD. F18a in Fig. 4.41d
does not show this reflection, maybe the morphology of the yellow labeled crystallite is
confused with "Grey Flakes". The formation of higher-order Ruddlesden-Popper phase
is thermodynamically not stable and depends sensitively on details of the crystal growth
kinetics, see Section 4.2.4.
"Grey Flakes" This morphology (Figs. 4.40b, 4.42) looks similar to the "Dark Ter-
races" but without "terrace edges", its shape lies between circular and square.
Unfortunately no unambiguous phase assignment can be given. "Grey Flakes" appear
in pure R films (Figs. 4.42a and b). But also the SATP film in Fig. 4.42c which mostly
comprises P with a volumetric R fraction of wvol = 0.24 shows "Grey Flakes" with a
surface area fraction of about 3/4, thus these "Grey Flakes" have to be P. This means
that both R and P phases can appear in this morphology. In Fig. 4.42d with a volumetric
R fraction of wvol = 0.48, it is not clear if the crystallites with this morphology are P,
R or even higher-order R ("Dark Terraces").
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a) b)
c) d)
Figure 4.43: SEM images of La-Sr-Co-O films containing crystallites with "Sintered Pebbles"
morphology. Red boxes mark crystallites which were identified as P. a (F74a) Almost cation
stoichiometric single-phase P film (wICP−OES = 0.03), b (F79a) cation stoichiometric single-
phase P film, c (F28a) and d (F46b) SATP films with wvol = 0.71.
"Sintered Pebbles" Crystallites with the "Sintered Pebbles" morphology (Figs. 4.40c,
4.43) appear flat or some arched in SEM and have a compact shape with quite straight
boundaries which are not aligned to the substrate edges. When they appear in groups,
their contact angles are usually about 120°.
This morphology appears in particular in almost cation stoichiometric single-phase P
films for which a Co-deficiency corresponding to wICP−OES = 0.03 was obtained, and in
cation stoichiometric P films (Figs. 4.43a and b). In the latter case, the crystallites are
more arched. The SATP film in Fig. 4.43d (wvol ≈ 0.71) is more difficult to interpret.
The "Sintered Pebbles" (red box) can reasonably be assigned to the P phase, because
they cover about 1/3 of the surface and the bright "Twinned Pyramids" crystallites
clearly belong to the R phase. On the other hand strong reflections of higher-order R
phase were found in XRD for this film. Therefore it is possible that higher-order R
also appears in another morphology than "Dark Terraces", looking similar to "Sintered
Pebbles".
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a) b)
c) d)
Figure 4.44: SEM images of La-Sr-Co-O films containing crystallites with "Puzzle Pieces"
morphology. Crystallites in red boxes comprise P, in yellow boxes P or R. a (F30a) Co-deficient
single-phase P film (wICP−OES = 0.10), b (F73a) almost cation stoichiometric single-phase
P film (wICP−OES = 0.03), c (F66a) and d (F65b) standard SATP films with volumetric R
fraction wvol = 0.71 prepared under nominally identical conditions.
"Puzzle Pieces" A complicated shape with concave edges is characteristic for the
"Puzzle Pieces" morphology (Figs. 4.40d, 4.44). They look similar to "Sintered Pebbles"
but are much larger.
The "Puzzle Pieces" morphology almost exclusively appears in single-phase P films
(Fig. 4.44a) which only show P reflections in XRD but according to ICP-OES contain
a Co-deficiency corresponding to wICP−OES = 0.10. Owing to this it is likely that this
morphology is characteristic for a Co-deficient perovskite phase which will be discussed
in more detail in Section 4.2.6. "Puzzle Pieces" sometimes seem to appear in SATP films
too, but are hard to recognize (Figs. 4.44c, d). In standard SATP film F65b (Fig. 4.44d)
about 1/3 of the surface area consists of "Twinned Pyramids" which are clearly R.
Because no higher-order R was found in XRD and in total 71 % of the surface area is
expected to be R, the other crystallites in the yellow box have to be a composite of
about equal amounts of P and R appearing as "Puzzle Pieces", "Sintered Pebbles" and
"Grey Flakes". This is in agreement with the characteristic phase separation length of
F65 which was determined as Ls ≈ 100 nm in Section 4.2.4.
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a) b)
c) d)
Figure 4.45: SEM images of La-Sr-Co-O films containing crystallites with "Stacked Sheets"
morphology, labeled by yellow boxes (P or R). a (F20a) was prepared by alternating deposition
of five layers of nominally 10 nm thick P and 10 nm thick R layers. b (F12), c (F17a), d (F65b)
are SATP films with wvol = 0.71.
"Stacked Sheets" "Stacked Sheets" crystallites (Figs. 4.40e, 4.45) look like several
upright standing sheets with similar heights and different widths (or like crystallites
with facets on the surface). The boundaries between the sheets are aligned parallel
to the substrate edges and the sheets are about 7 nm thick. The surface seems to be
quite smooth. In some films the boundaries between the sheets are easy to recognize
(Figs. 4.45a and b), in others the contrast is low.
It is not clear to which phase or phases the "Stacked Sheets" morphology can be as-
signed. They only appear in films which comprise both P and R. The film in Fig. 4.45a
contains almost exclusively "Stacked Sheets" crystallites and was prepared by alternat-
ing deposition of five layers of nominally 10 nm thick P and 10 nm thick R layers. Due
to its roughness it is hard to believe that this film has only R forming the top-layer.
Therefore, perhaps both R and P can appear as "Stacked Sheets". Only an assignment
to higher-order R can be ruled out because the respective XRD peaks are absent.
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a) b)
c) d)
Figure 4.46: SEM images of La-Sr-Co-O films containing crystallites with "Bright Rocks"
morphology, labeled by green boxes (R). a (F15b) Single-phase R film. b (F41a) Bi-layer
film with nominally 50 nm R deposited on 50 nm P. c (F36b) SATP film with wvol = 0.71.
d (F50a) Nominally 20 nm thick SATP film with wvol = 0.71 deposited on 100 nm P.
"Bright Rocks" Crystallites with "Bright Rocks" morphology (Fig. 4.40f), labeled by
green boxes in Fig. 4.46, are a special form of the "Twinned Pyramids" morphology (R)
which grows obliquely or as normal pyramids with rhombus base. This is supported
by the pure R films in Fig. 4.10 which were each prepared under (almost) identical
conditions but comprise either "Bright Rocks" or "Twinned Pyramids" together with
"Grey Flakes". "Bright Rocks" are often quite small.
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a) b)
c) d)
Figure 4.47: SEM images of La-Sr-Co-O films containing R crystallites with "Twinned
Pyramids" morphology, labeled by green boxes. a (F36b), b (F46b) and c (F63a) show SATP
films with wvol = 0.71 and 0.93 (c). d (F38b) Nominally 50 nm thick single-phase R film.
"Twinned Pyramids" The "Twinned Pyramids" morphology (Figs. 4.40g, 4.47) was
already discussed in detail in Section 4.2.1. This morphology appears in virtually every
film with a R fraction higher than wICP−OES = 0.10; the higher the R fraction the
larger the surface area fraction covered by this morphology. The single-phase R film in
Fig. 4.11b exclusively consists of such crystallites. TEM-EDX of SATP films F65a and
F66c show crystallites with maximum local R fraction and shapes which are strongly
reminiscent of truncated pyramids twins (see Figs. 4.32b and c on position 550 – 600 nm
and 875 – 925 nm, and Figs. 4.37a and b on position 1250 – 1300 nm). Therefore this
easily recognizable morphology can clearly be assigned to R.
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Table 4.2 summarizes the assignments of crystallite morphologies. There exist at least
three morphologies for P which can be recognized in SATP films, the "Grey Flakes",
"Sintered Pebbles" and more rarely the "Puzzle Pieces" which are characteristic for a
Co-deficient P phase (see Section 4.2.6). P is much harder to recognize in SATP films
than R. R typically appears as sharp-edged "Twinned Pyramids" or "Bright Rocks" and
in pure R films occasionally also as "Grey Flakes". As a rule of thumb, the more sharp
edges found in SEM, the higher the R fraction. Crystallites of higher-order R have the
"Dark Terraces" morphology but they also must have a second morphology which is
difficult to specify since La-Sr-Co-O films F45c, F46b and F63a show higher-order R
reflections in Fig. 4.38 but no "Dark Terraces" in Fig. 4.19 and Figs. 4.47b and c.
Table 4.2: Crystallite morphologies in La-Sr-Co-O films and assigned phases. Solid symbols
indicate an explicit assignment of the morphology to a certain phase.
crystallite perovskite phase Ruddlesden- higher-order
morphology (P) Popper phase (R) R phase
"Dark Terraces" •
"Grey Flakes" ◦ ◦
"Sintered Pebbles" •
"Puzzle Pieces" •
"Stacked Sheets" ◦ ◦
"Bright Rocks" •
"Twinned Pyramids" •
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4.2.6 Influence of R fraction on SATP films
Fig. 4.48 shows SEM images of thin films prepared under standard PLD conditions
but with different PLD targets comprising a decreasing cobalt content from a to h.
The Co content can be expressed by the theoretical R fraction w in pure P/R two-
phase systems (see Equation (2.4)). Table 4.3 gives the molar R fractions measured by
ICP-OES wICP−OES and the volumetric R fractions wvol of these films from which the
surface area fractions of the phases can be estimated (2.31).
Table 4.3: Composition of films shown in Fig. 4.48. wICP−OES was calculated from chemical
analysis assuming coexistence of only P and R phase. A negative value corresponds to pure
P with additional Co oxide, a value larger than 1 is R with additional (Sr,La) oxide. wvol is
the volumetric fraction of R in a pure P/R two-phase film and approximately wsurf (columnar
grains). The total Sr fraction in the films is zICP−OES = 0.30±0.02. Films used for chemical
analysis are identical with shown SEM images or were prepared under nominally identical
conditions, except from F34 which was prepared with 0.09 instead of 0.18 nm/s.
SEM image films used for wICP−OES wvol ≈ wsurf
in Fig. 4.48 chemical analysis
a (F79a) F79c, F79d -0.01 0
b (F73a) F73d, F74c, F74d 0.03 0.05
c (F29a) F19a 0.10 0.15
d (F72a) F72c, F72d 0.16 0.24
e (F64a) none, w interpolated 0.35 0.48
f (F66a) F34a, F34b, F34c 0.60 0.71
g (F67a) none, w interpolated 0.88 0.93
h (F32a) F32a 1.16 / 1
The cation stoichiometric P single-phase film in Fig. 4.48a (wICP−OES = −0.01)
contains P "Sintered Pebbles". The almost cation stoichiometric P single-phase film
in Fig. 4.48b (wICP−OES = 0.03) mainly contains P "Sintered Pebbles" and less than
1/5 of the surface area is covered by "Puzzle Pieces".
In Co-deficient P (Fig. 4.48c, wICP−OES = 0.10) "Puzzle Pieces" cover the surface
almost completely with only a few R "Twinned Pyramids" in between. As discussed in
Section 4.2.1 the other Co-deficient P films show either no signs for the presence of R or
signs for very small amounts merely. Also, TEM-EDX grain composition statistics of
Co-deficient P film F30a in Fig. 4.49 suggests that "Puzzle Pieces" consist only of a single
phase La0.7Sr0.3Co0.91±0.02O3−δ. Fig. 4.50 shows Raman spectra of films with decreasing
Co content from bottom (P) to top (R). The peak at 700 cm−1 is characteristic for
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a) h)
b) g)
c) f)
d) e)
Figure 4.48: SEM images of La-Sr-Co-O PLD films deposited under standard conditions
with different PLD targets containing constant Sr fraction z = 0.3 but decreasing Co fraction
from a to h, see Table 4.3. a (F79a) is cation stoichiometric and b (F73a) is almost cation
stoichiometric single-phase P (wICP−OES = 0.03), c (F29a) is Co-deficient (wICP−OES = 0.10)
but contains only P phase, d to g are SATP films (F72a, F64a, F66a, F67a) with R fractions
wvol = 0.24, 0.48, 0.71 and 0.93 with additional higher-order R phase in f and g. h (F32a) is
nominally single-phase R with some (La,Sr) oxide excess (wICP−OES = 1.16).
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the R phase due to its highest intensity in pure R film. It does not emerge until
wICP−OES = 0.16 (F72b) which also supports the existence of Co-deficient single-phase
perovskite films. The tiny peak at 695 cm−1 (w ≈ 0) was identified as Co3O4 [96].
When films contain slightly less Co (Fig. 4.48d), there are no "Puzzle Pieces" at all
but only P "Grey Flakes" and R "Twinned Pyramids" corresponding to wvol = 0.24; also
in most other SATP films "Puzzle Pieces" can not be found.
Therefore it is concluded that the "Puzzle Pieces" are characteristic for a Co-deficient
perovskite phase which appears when the Co content lies between cation stoichiometric
P and w ≈ 0.1. Films with this metastable phase are well reproducible. For a lower Co
content the P "Puzzle Pieces" are generally replaced by a two-phase system with R and
more or less cation stoichiometric P (e.g. "Sintered Pebbles"). Since in the bulk P phase
such high Co-deficiencies as in La0.7Sr0.3Co0.9O3−δ are not stable [47], the appearance of
this metastable phase must be related to the PLD film growth (on single crystal YSZ)
for similar reasons like the appearance of metastable higher-order R phase as discussed
in Section 4.2.4. In ref. [97] such a Co-deficient P phase was also successfully deposited
on a cation stoichiometric P film by PLD.
According to X-ray diffraction (Fig. 4.51) the SATP film F64a in Fig. 4.48e contains
only P and R with wvol = 0.48. Almost the same surface area fraction is covered by
sharp-edged R crystallites, and large "Grey Flakes" which thus have to contain mainly
P. When the Co content is decreased even more, higher-order R can be additionally
formed as indicated by XRD and the appearance of "Dark Terraces" in Figs. 4.48f and
g. It also can be observed that the average crystallite size decreases with decreasing
Co content from Figs. 4.48e to h.
It can be summarized that in contrast to the P/R two-phase powders which achieve
thermodynamic equilibrium, in thin PLD films with z = 0.3 two additional metastable
oxide phases can be formed depending on the Co content: Co-deficient P "Puzzle Pieces"
appear in the range of w = 0 – 0.10, and higher-order R (e.g. "Dark Terraces") in the
range of w = 0.60 – 1.00. The range in which reliably pure P/R two-phase films are
formed can be defined as 0.1 < w < 0.6. Most of the SATP films investigated by EIS
in the present work have a R fraction of w = 0.60 (standard SATP films). On one
hand this is the limit for the formation of higher-order R, which can be found in a part
of these films, but on the other hand the highest TPB densities are obtained by small
crystallite size, good dispersion and high surface fraction of both P and R compared to
SATP films with other R fractions.
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Figure 4.49: Orange symbols: results of quantitative and statistical TEM-EDX anal-
ysis of grain compositions in Co-deficient single-phase P film F30a (wICP−OES = 0.10,
zICP−OES = 0.30). The narrow distribution of wlocal indicates that all crystallites are of
the same phase/composition, i.e. no R phase is present. Compare purple: simulated statistics
of measured compositions in P/R two-phase films with R fraction wICP−OES = 0.10 and a
phase separation length Ls of 100 nm (≈ average crystallite size in F30a) and a TEM lamella
thickness of 50 nm as in F30a.
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Figure 4.50: Raman spectra of films with decreasing Co content from bottom (P) to top
(R). All films were prepared under standard PLD conditions. The orange spectrum represents
F30b with Co-deficient P and absence of the peak at 700 cm−1 which is characteristic for the
R phase. Peaks at 695 and 613 cm−1 are characteristic for Co3O4 [96] and YSZ.
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Figure 4.51: X-ray diffractograms in logarithmic scale of films shown in Figs. 4.48a to h
(from top to bottom). All films were prepared under standard PLD conditions but with
decreasing Co fraction from top (single-phase P) to bottom (single-phase R), see Table 4.3.
F79b comprises small amounts of Co3O4 (solid circle), F29b (and F73a) contain Co-deficient
P phase, F66a and F67a additional higher-order R phase (solid circle). The asterisks de-
note artifacts for measurements on the older X-ray diffractometer (mainly Cu Kβ reflections
of YSZ).
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4.2.7 Estimation of triple phase boundary density in SATP films
TEM-EDX analysis of standard SATP films (wnom = 0.5) resulted in a characteristic
phase separation length Ls of 40 to 130 nm. For F65a, which seems to be free of
a higher-order R phase, Ls is found to be about 100 nm. Because not every single
crystallite can be unambiguously assigned to P or R by morphology, and plane view
preparation of F66c for TEM-EDX failed, there is no direct method to measure the
area specific TPB length lTPB on this length scale. Instead, lTPB will be exemplary
estimated for standard SATP film F65a (wnom = 0.5) from SEM images and Ls.
a)
b) c)
Figure 4.52: a SEM image of standard SATP film F65a with wvol = 0.71. A hypothetical
phase agglomeration region is highlighted. b and c show a simplified two-phase surface model
with 45 nm square grid size (averaged crystallite size in F65a and same scale as in a), green = R
(y ≈ 0.35), red = P (x ≈ 0.23). b is limiting case for lowest possible lTPB, c for highest possible
lTPB. The TPBs are labeled in deep red, ordinary grain boundaries in grey.
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Fig. 4.52a shows a high resolution SEM image of F65a. Figs. 4.52b and c represent
simplified models of the possible P and R dispersion on the surface of F65a. Red squares
symbolize crystallites of P and green squares crystallites of R. Note that the surface
ratio corresponds to the previously determined wvol = 0.71, assuming columnar crystal
growth (all TEM images of SATP films showed columnar growth). If virtually every
grain of the SATP film is neighbored by a grain of another phase (no agglomerates), as
schematically shown in Fig. 4.52c, the highest possible lTPB would result. lTPB is the
cumulated length of deep red labeled TPBs per surface area of the model. If crystallites
of one phase form agglomerates, lTPB is lower. To have a limiting case for the lowest
possible lTPB, the largest thinkable agglomerate in Fig. 4.52a was chosen for the model
in Fig. 4.52b – even if it was already discussed in Section 4.2.5 (see "Puzzle Pieces")
that these regions of crystallites with similar morphology probably consist of different
phases.
To determine lTPB for these limiting cases in the simplified model, first its square
grid size s¯ must be found. s¯ corresponds to an effective crystallite size of film F65a
which would – assuming a square grid model – result in the same area specific grain
boundary length lGB as the actual film in Fig. 4.52a:
lGB =
2s¯
s¯2
= LGB,total
Atotal
. (4.16)
Equation (4.16) shows how lGB is calculated in a square grid model with the grid size
s¯, and the definition of lGB which is valid for model and actual film.
To obtain lGB for the actual film, the sizes si of a set of crystallites in F65a have to be
determined. With the simplification that film F65a consists only of columnar crystallites
with square base, the cumulated grain boundary length LGB,total and cumulated surface
area of the crystallites Atotal then can be calculated according to
LGB,total =
ngrain∑
i=1
2si (4.17)
Atotal =
ngrain∑
i=1
s2i . (4.18)
Note that LGB,total (4.17) is not the sum of circumferences because boundary effects
have to be considered. The set of crystallite sizes si was determined by the linear
interception method. Fig. 3 in the appendix shows three red framed stripes within
which the distances of visible grain boundaries were measured to obtain the size of
117 crystallites; in Fig. 4.53 the size distribution is plotted as probability density of the
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cumulated size q1(s). The distribution is unimodal and quite broad, ranging from 10
to 90 nm large crystallites.
By solving Equation (4.16) for s¯ and insertion of Equations (4.17) and (4.18), Equa-
tion (4.19) is obtained. With the set of crystallite sizes si of film F65a an averaged
effective s¯ of 44.3 nm for the square grid model results.
s¯ = 2
lGB
= 2
∑ngrain
i=1 s
2
i∑ngrain
i=1 2si
= 44.3 nm (4.19)
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Figure 4.53: Grain size distribution in film F65a. The sample with 40 – 50 nm large grains
has the highest cumulated grain size and contributes most to grain boundary length.
If an averaged grain size of 45 nm is used to calculate the TPB density of the two
limiting cases in Figs. 4.52b and c, the TPB density of SATP film F65a must be in the
range of lTPB = 76,000 – 260,000 cm/cm2. The characteristic phase separation length
for the case with agglomerates is estimated to be more than 500 nm, for the highly
dispersed case around 150 nm. Quantitative TEM-EDX analysis of F65a in Section
4.2.4 showed no indications for ≈ 200 nm large single-phase agglomerates. Instead it
resulted in a separation length of about 100 nm. Thus Fig. 4.52c comes closest to reality
and a TPB density of lTPB ≈ 260,000 cm/cm2 is assumed for F65a.
Nevertheless, it has to be pointed out that 260,000 cm/cm2 is an upper value for the
P/R/O2 TPB density of F65a. It can not be ruled out that F65a at least contains a
small amount of higher-order R crystallites. It is assumed that this additional phase is
preferably located between one region of P and one of R, and not between two regions
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of P or two of R, because the crystallites form by demixing of the cations during PLD
and the higher-order R has an intermediate composition between P and R. This would
mean that a relatively small amount of higher-order R phase could drastically reduce
available P/R hetero-interfaces in a P/R/higher-order R three-phase material, which
would also reduce the P/R/O2 TPB density lTPB. How far the hetero-interfaces with
higher-order R have an enhanced catalytic activity for ORR is not clear at present.
Also for other films with different averaged crystallite sizes one can reasonably assume
they rather correspond to the highly dispersed case. The upper limit for the TPB
density of films with wvol = 0.71 can be estimated with
lTPB / 260, 000 cm/cm2 · s¯F65a
s¯
. (4.20)
For the calculation of the ratio of both averaged grain sizes it is not necessary to repeat
the linear intercept method because the crystallite size distribution is similar for most
SATP films. Instead, the scale of the other film SEM image can be adjusted until
both grain size distributions look comparable. This was done for all SATP films with
wvol = 0.71 which were electrochemically characterized, the results can be found in the
upper part of Table 4.4. The error for the determination of the averaged grain size
by this method is estimated to be up to 20 %, it strongly depends on the grain size
distribution and the SEM resolution. For the samples which surely contain higher-order
R only a range for lTPB between 0 and an upper value is given in the table. In the case
of F66d an estimated surface coverage with "Dark Terraces" of at least 50 % could be
considered for the determination of the upper value. This upper value is supposed to
be more accurate than the one for F45d and F46b where no higher-order R crystallites
could be identified in SEM images. For the post-crystallized amorphous films F49b and
F49c it has to be pointed out that with the methods used in this work it was impossible
to find out if the tiny crystallites on the surface contain only P and R or higher-order
R (not to mention the Sr distribution between the phases).
The TPB densities in the lower part of the table were not derived from SEM image
comparison but by counting and measuring single crystallites identified as P or R by
morphology according to the following procedures:
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(i) Even if F29 (Fig. 4.48c, wvol = 0.15) contains almost only Co-deficient P
"Puzzle Pieces", 40 spots of R "Twinned Pyramids" were counted within a
2.287 µm x 1.613 µm SEM image. The average size was estimated to be a square
with 60 nm x 60 nm, resulting in 4 % of surface coverage. lTPB was calculated
from the sum of circumferences of the isolated squares.
(ii) In F72 (Fig. 4.48d, wvol = 0.24) circular "Grey Flakes" with 128 nm diameter cover
76 % of the surface. Additionally it was assumed that 1/4 of the circumference is
in contact with another P crystallite not counting in for TPB length.
(iii) In F24c (Fig. 4a in the appendix, wvol = 0.48) most crystallites have square shape
with an average size of 58 nm estimated by SEM image comparison with F65a. A
randomly distributed square grid model with wsurf = 0.5 yields lTPB = 1/s¯.
(iv) In a 2.263 my x 1.596 my SEM image of F64a (Fig. 4.48e, wvol = 0.48) 16 circular
agglomerated P "Grey Flakes" with 266 nm diameter and about 59 smaller (single)
circular P "Grey Flakes" crystallites with 134 nm diameter were counted. The sum
of circumferences was used to calculate lTPB.
(v) In F26d (Fig. 4b in the appendix, wvol = 0.93) the average crystallite size was
estimated to be 41 nm based on SEM image comparison with F65a. It was assumed
that square P crystallites of this size occur only isolated and cover 7 % of the
surface.
To summarize, a TPB density of lTPB ≈ 260,000 cm/cm2 was found for standard
SATP film F65a. According to Equation (4.20) the (upper) TPB density of other SATP
films with nominal R fraction wnom = 0.5 and different crystallite sizes were estimated.
For SATP films with another R fraction the estimation was done by measuring single
crystallites identified as P or R in SEM images by morphology.
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4.3 Oxygen reduction reaction (ORR) activity of dense
La-Sr-Co-O films
This section discusses the results for the ORR activity determination of La-Sr-Co-O
films by impedance spectroscopy according to Section 3.3 (low-frequency impedance).
Some other results derived from higher frequency impedances were already discussed
in Section 3.3.
4.3.1 Deactivation and reproducibility of ORR activity
In Section 3.3 it was found that RORR, and therefore kq using Equation (3.7), can be
determined with an error of only 5 % if a well prepared microelectrode is used for
electrochemical characterization. In this section the influence of time (deactivation)
and of measurements repetition with nominally identical prepared La-Sr-Co-O samples
(reproducibility) on the ORR activity will be investigated.
Fig. 4.54 shows the time dependence of kq at 600 °C in 1 bar O2 of a R film
(a, F25d) and a SATP film (b, 50c). The activities were investigated for differ-
ent 80 µm large microelectrodes. These two examples show extreme cases with al-
most no (a) and the strongest observed deactivation (b) with a loss in ORR activ-
ity of two orders of magnitude within 12 h. The solid curve is a fitting curve using
log(kq(t)/(cm/s))= a · log(t/h) + b as a phenomenological deactivation function which
sufficiently reproduces the time curve of activity for most samples. A characteristic
feature of the time curves is that activity decreases much faster in the beginning, e.g.
see open circles in the beginning which represent the initial deactivation investigation.
The single measurements vary up to one quarter order of magnitude from the fitting
curve which is much more than the 5 % found in Section 3.3. This may be due to
change in measurement conditions in between (see measurement procedure in Section
3.3), or to microelectrodes aging differently due to film inhomogeneity. For example,
the last measurements after 10 h in Fig. 4.54b show a temporary increase in activity
which is due to electrochemical activation by additional DC bias experiments for this
sample which is in agreement with ref. [98].
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Figure 4.54: Deactivation of ORR activity at 600 °C in 1 bar O2 for several microelec-
trodes with 80 µm diameter as function of time at 500 – 600 °C where most measurements
were done and significant change in activity and morphology was observed. Each symbol
represents a different microelectrode. a shows almost stable R film F25d, b SATP film F50c
that deactivated strongest of all samples (compare SEM images in Fig. 4.55).
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When comparing the deactivation coefficients a of La-Sr-Co-O films with different
compositions and preparation conditions no correlations were found (see Table 6 in the
appendix), except that Co-deficient P films F19, F29 and F30 turned out to be the
most stable films. However, changes in film morphology during EIS measurements at
600 °C coincided with the degree of deactivation, compare Figs. 4.55 and 4.54. For the
time dependence of activity it may also play a role how close the PLD films are to
thermodynamic equilibrium (e.g. pure P/R two-phase films are more equilibrated than
films containing higher-order R). Further detailed studies about deactivation were out
of the scope of this work. In literature especially a Sr accumulation on the surface is
discussed for Sr doped perovskite electrodes [63, 99–106].
a) b)
c) d)
Figure 4.55: SEM images of the films shown in Fig. 4.54 before (a F25a, c F50a) and after
measurements (b F25d, d F50c). The R film (a, b) does not change in morphology while in
the SATP film (c, d) especially the R crystallites develop facets.
The ORR activity of quite "fresh" films should be used to investigate the relationship
with the phases and TPB densities found in as-prepared films. Therefore, the geometric
mean of the activity of up to six 1.5 to 2 h old microelectrodes (see Fig. 4.54b) was used
for comparison with other films and is indicated by symbols in the subsequent plots
(e.g. in Fig. 4.56). To indicate the deactivation characteristics of films, the highest
measured activity (usually the first measurement) and the activity of the deactivation
fit curve after six hours are shown as upper and lower bars (e.g. in Fig. 4.56). When
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no bars are shown, no sufficient time dependent data were available. Table 6 in the
appendix gives these three ORR activities for all samples shown in this work.
In Fig. 4.56 the ORR activities and deactivation ranges of diverse samples are shown
which were prepared under nominally identical conditions, either from the same PLD
batch or different PLD processes. Their activities are normalized to the most active
sample (0 in logarithmic scale) of the preparation condition. It can be seen that there
are differences of typically one quarter order but occasionally up to half an order of
magnitude even for samples from the same PLD batch (SATP film F18c/a). Due to
the formation of metastable higher-order R the differences for SATP films with high R
fraction can be even larger which will be discussed in Section 4.3.4.
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Figure 4.56: Relative activity of films containing P, R or both phases prepared under
nominally identical conditions within the same PLD batch or in separate PLD processes
(F73/F74 and F17/F65). The more active sample is set to 0 in logarithmic scale. Bars
correspond to the range of initial activity (upper bar) and decreased activity after six hours
(lower bar). No bars mean no sufficient time dependent data.
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4.3.2 ORR activity of single-phase samples and ideal superposition
When the contribution of TPBs to the ORR activity kTPB of a two-phase material with
an overall activity of kq has to be determined, the activity of the two-phase material
without any additional effects kref must be known. kref is calculated by the ORR activ-
ity of P and R in the two-phase material and their surface fractions (2.34). The precise
surface fractions were obtained by ICP-OES chemical analysis (Table 4.3) using XRD
densities of P and R and assuming wvol ≈ wsurf (columnar grains). For determination
of the ORR activities of P and R in the two-phase films it was not sufficient to measure
the ORR activity of single-phase films which have the same Sr fractions x and y as the
total Sr fraction z = 0.3 in the two-phase films, because for z = 0.3, Sr is accumulated
in R and depleted in P (Section 4.1, 4.2.4). This influences the ORR activity especially
of P. Because no experiments were done with different Sr fractions, literature data were
used to estimate the relationship.
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Figure 4.57: a Oxygen tracer surface exchange coefficients of ceramic P samples at 600 °C
in 1 – 0.045 mbar O2 (approximately air) as function of Sr fraction x collected by ref. [65]
from refs. [54, 65, 107–109], fitting curve is Equation (4.21). b Green symbols: Oxygen
tracer surface exchange coefficients of dense (La1−ySry)2CoO4±δ PLD films as function of Sr
fraction y [63]. Black symbols: inverse area specific resistance (proportional to kq) of porous
(La1−ySry)2Co0.8Ni0.2O4±δ PLD film electrodes [88].
Fig. 4.57a shows ORR activities of ceramic P samples with varying Sr fractions x at
600 °C determined by oxygen tracer experiments [65]. The equation for the red fitting
curve is
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log
(
kP,B(x)
cm/s
)
= −4.695 · x2 + 11.094 · x− 10.381 (4.21)
with kP,B = kP from data collected by Berenov et al. [65]. It can be seen that the ORR
activity of P strongly increases with about one order of magnitude per 0.1 increase in x,
and that the data points deviate up to half an order of magnitude from the fitting curve.
For R no comparably extensive investigations are available. In ref. [63] it was found that
the ORR activity of R with y = 0.25 and 0.5 differs only by the factor 2 – 3 (green in
Fig. 4.57b, extrapolated from 500 °C). The black symbols show experiments with porous
(La1−ySry)2Co0.8Ni0.2O4±δ PLD films [88] in air that have a similar weak dependence
but in the opposite way (assuming that the different compositions do not significantly
change the surface area). Therefore, and because the Sr fraction in R deviates from
y = 0.3 (dotted line) less than it does in P for w > 1/3 (4.4), it was assumed that the
ORR activity of R does not significantly depend on the Sr distribution compared to P.
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Figure 4.58: ORR activity at 600 °C in 1 bar O2 as function of R fraction wvol. Symbols
show nominally stoichiometric single-phase P (red) and R films (green). wvol error bars are
deduced from ICP-OES errors. Red curve shows expected activity of P in two-phase films with
a Sr fraction in thermodynamic equilibrium with R (example compositions in red) considering
Equation (4.21). Purple curves show the expected activities of two-phase films without TPB
effect (ideal superposition). Dotted: homogeneous Sr distribution. Solid: Sr distribution in
thermodynamic equilibrium. Dashed: assuming that the Sr fraction has only half reached its
thermodynamic value (x = (0.3 + xTD)/2) as in the present SATP films.
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Fig. 4.58 shows the ORR activity of nominally stoichiometric single-phase P films
F79a, F78a (red) and of R films F25d, F15c (green) at 600 °C in 1 bar O2. The
geometric mean of the two activities is used as reference activity for single-phase P
with x = 0.3 (kqP (x = 0.3) = 2.8 · 10−8 cm/s) and for R (kqR = 2.7 · 10−8 cm/s for all y).
The red curve shows the expected ORR activity of P, kP (xTD) with a Sr fraction xTD
in thermodynamic equilibrium with R, in two-phase materials with a total Sr fraction
z = 0.3 as function of the R fraction wvol. The equilibrium Sr distribution between P
and R was determined as function of wvol using intersections of binodal (4.3) and tie-
lines (4.4) with z = 0.3. Exemplary compositions of the P phase for wvol = 0 – 0.8 are
given in Fig. 4.58 by the red formulas. For the calculation of kP (xTD) it was assumed
that Equation (4.21) is also valid in pure oxygen with an offset of about +0.4 describing
the pO2 dependence of k (compare Section 4.3.6) which cancels out when using
log
(
kP (x)
cm/s
)
= log
(
kqP (x = 0.3)
cm/s
)
+ log
(
kP,B(x)
cm/s
)
− log
(
kP,B(x = 0.3)
cm/s
)
(4.22)
to calculate the relative decrease in kP (x) for x < 0.3. It is worth to note that the results
of refs. [65] and [63] interpolated for x = y = 0.3 in oxygen are in good agreement with
the mean ORR activities found in this work.
The solid purple curve in Fig. 4.58 results when using kP (xTD) (red curve) and kqR to
calculate the ideal superposition kref as a function of wvol with Equation (2.34). Values
and equilibrium Sr distributions are given in Table 7. Compared to the superposition
with homogeneous Sr distribution (dotted purple line) the reference activity for two-
phase materials is up to half as low when considering thermodynamic equilibrium for
the Sr distribution between P and R for a total Sr fraction of z = 0.3. However, it was
found by quantitative TEM-EDX analysis of SATP films in Section 4.2.4 that the Sr
distribution reaches only about 50 % of the expected distribution in thermodynamic
equilibrium (e.g. x = 0.25 instead of xTD = 0.20). The reference ORR activity for this
case is shown by the dashed purple curve and will be used in the next sections. When
considering the reproducibility errors and uncertainties in determination of kref , the
measured kq have to be at least one order of magnitude larger to unambiguously show
an ORR activity enhancement in SATP films compared to their expected activity.
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4.3.3 Influence of R fraction and Co-deficiency in P on ORR
activity of La-Sr-Co-O films
Fig. 4.59 shows the ORR activity of La-Sr-Co-O films as a function of wvol ≈ wsurf
(columnar grains). It can be seen that virtually every film with a composition between
stoichiometric P and R is more active compared to the reference activity (dashed curve).
At the same time the difference is less than one order of magnitude for the most films,
and therefore the activity enhancement is only moderate.
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Figure 4.59: ORR activity of La-Sr-Co-O films at 600 °C in 1 bar O2. All films have the
same Sr fraction (z = 0.3) but different Co contents expressed by theoretical R fraction in
P/R two-phase films. Red symbols are stoichiometric P films, orange symbols are Co-deficient
single-phase P films. Open symbols are SATP films and black solid symbols additionally
contain higher-order R. The grey triangle is a post-crystallized amorphous film, the green
symbols are stoichiometric R films. Activities are also given in Table 6 in the appendix. The
dashed curve is the activity expected for two-phase films in absence of TPB effects with Sr
distribution between P and R that corresponds to 50 % of thermodynamic equilibrium.
An exception to this are the Co-deficient single-phase P films with wvol = 0.15. They
are about 100 times more active than the reference activity and the stoichiometric single-
phase P films (which have the same Sr doping content as the Co-deficient P). The most
active film is F30 which also shows crystallites with the most uniform "Puzzle Pieces"
morphology and the most textured XRD (see Section 4.2.1), therefore F30 can be seen
as the film with the most pure Co-deficient P phase. Also, the ORR activities of these
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Co-deficient P films are very well reproducible and they show very low deactivation
(except from F29c which contains individual R crystallites). The exceptionally high
activity of these films may be related to the additional formation of oxygen vacancies
due to Co-deficiency. The less increased activity of the films with wvol = 0.05 can be ex-
plained either by containing a smaller surface fraction of Co-deficient P "Puzzle Pieces"
crystallites with composition La0.7Sr0.3Co0.9O3−δ or the Co-deficiency being homoge-
neously dispersed in P but much lower. Takeshita et al. were the first to investigated
Co-deficient P [97]. They prepared P films with x = 0.3 and a Co-deficiency of w = 0.14
and 0.59(!) (this work w = 0.10) by RF-sputtering on top of a stoichiometric P layer
and claimed that the top layers were single-phase (i.e. no additional R), but found an
increase in ORR activity only by factor 1.5 and 4.
The highest activity of the SATP films was found for F18c but was not repro-
ducible. The post-crystallized amorphous film with the smallest crystallites (grey sym-
bol) yielded an even higher activity. However, its microelectrodes were not properly
etched, Rbulk was 25 % too low which means that a 50 % larger electrode area compared
to the other samples can be estimated with Equation (3.8). Additionally, this film deac-
tivated very strongly and was not reproducible which may be due to its tiny crystallites
and the more complex preparation procedure. The four other samples at wvol = 0.71
were prepared under nominally identical standard PLD conditions (see Section 4.2.2),
but their activities vary within one order of magnitude depending on the presence of
higher-order R, which is discussed more in detail in the next section.
4.3.4 Influence of higher-order R on ORR activity of SATP films
Fig. 4.60 shows the activity of three groups of La-Sr-Co-O films with wvol = 0.71 without
or with formation of higher-order R. The films which contain higher-order R have only
about 1/4 of the ORR activity of films which are free of this metastable phase. It is
expected that higher-order R crystallites are located between P and R crystallites due
to their composition which lies between P and R and may be formed if phase separation
is not sufficiently fast during film growth (see Section 4.2.4). By this, potentially highly
active TPBs are "eliminated" by higher-order R. The surface of F66d in Fig. 4.60 is
covered by more than 50 % with higher-order R "Dark Terraces". Therefore it can be
estimated that the ORR activity of higher-order R is comparable with R (y = 0.3).
Fig. 4.60 also shows that most SATP films with wvol = 0.71 have only a moderately
enhanced activity for the ORR compared to the reference activity. The data lie between
half and one order of magnitude above the reference activity. This is seen as only a
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weakly significant activity enhancement when considering the error bars.
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Figure 4.60: ORR activity of La-Sr-Co-O films with wvol = 0.71 at 600 °C in 1 bar O2. Left:
films without indication for higher-order Ruddlesden-Popper phase. Middle: films possibly
containing higher-order R as suggested by suspicious crystallites visible in SEM. Right: films
containing higher-order R reflections in XRD (Table 4.4). Solid black lines indicate geometric
means. Dashed purple line is reference activity for two-phase materials without TPB effect.
Grey region indicates activities which do not significantly differ from kref .
4.3.5 Influence of P/R/O2 TPB density on ORR activity of SATP
films
Most SATP films exhibit a rather small difference between measured activity kq and
reference activity kref and therefore the TPB effect is only moderate and has a weak
significance, see Fig. 4.59 and Fig. 4.60. In Fig. 4.61a kTPB = kq − kref is plotted versus
the estimated TPB density lTPB, numerical values are given in Table 4.4 and Table 6
in the appendix. It can be seen that films with a higher TPB density also tend to
have a higher kTPB, but due to strong kTPB scattering and small range of lTPB a clear
linear relationship can not be recognized. When the proposed linear relationship in
Equation (2.32) is fitted only to samples for which measured kq is at least half an order
of magnitude higher than kref (black open symbols in Fig. 4.61a) the strength of the
TPB effect is obtained as k′TPB ≈ 5 · 10−13 cm2/s, including scattering it lies in the
magnitude of 10−13 cm2/s (2 – 9 · 10−13 cm2/s).
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Figure 4.61: a Contribution kTPB of TPB effect to ORR activity as function of TPB density
lTPB. Black open symbols: SATP films which showed at least half an order of magnitude
higher activity than kref (F18c is not included in this linear plot because it is too active
with 5 · 10−7 cm/s). The estimated lTPB error is exemplary shown for F24c together with
the deactivation range. Grey open symbols: SATP films which did not show significant
enhancement compared to kref . Black solid symbols: films which additionally contain higher-
order R and for which lTPB lies between 0 and the displayed value (no error bars shown in b).
b The same data as in a but as logarithmic plot. Additionally shown: conventionally prepared
SATP film F18c, Co-deficient P film F29c with about 4 % R surface fraction (orange symbol)
and post-crystallized amorphous films (grey triangles). Solid fitting line is the same as in a
with extrapolation indicated by dashed line.
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Fig. 4.61b shows the same data as Fig. 4.61a but in a logarithmic scale with four ad-
ditional data points. The most active conventionally prepared SATP film F18c can be
seen as an outlier. The reproducibility of the TPB effect in the nominally identical pre-
pared post-crystallized amorphous films (grey triangles) is very poor and unfortunately
it was not possible to prepare conventional SATP films with a TPB density exceeding
300,000 cm/cm2. The Co-deficient almost single-phase P film F29c (orange symbol)
showed individual R crystallites for which a low TPB density was estimated. Fig. 4.61b
clearly shows that the high ORR activity of this film can not be explained by TPBs.
To summarize, it is possible to estimate the strength of the TPB effect to about
k′TPB ≈ 5 · 10−13 cm2/s. Due to a weak significance for the ORR activity enhancement
in most films, strong scattering in kTPB and a low range of lTPB this value can only give
a rough estimation for the magnitude of the TPB effect which has to lie in the range
of 10−13 cm2/s. There are several indications for the TPB effect, but still it was not
possible to clearly prove a linear relationship between TPB density and ORR activity
enhancement with using the approach of SATP films. The main reason for this is the
limited possibility to prepare SATP films with a wide range of TPB densities. Because
the errors are so large for the determination of the strength of the TPB effect even for
one condition (600 °C, 1 bar O2), no attempt was made to determine k′TPB as a function
of other parameters (T , pO2).
4.3.6 Influence of temperature and pO2 on ORR activity
Owing to the only moderate TPB effect, in Fig. 4.62 the temperature (a) and oxygen
partial pressure dependence (b) of the ORR activity is only shown exemplarily for typ-
ical samples representing the five material groups single-phase P (red), Co-deficient P
(orange), SATP (purple), higher-order R (black) and single-phase R (green). Because
these measurements where performed after an initial deactivation (compare measure-
ment procedure in Section 3.3) and the R film F25d showed very slow deactivation, R
appears comparably active in Fig. 4.62. The single-phase P films exhibit an activation
energy of Ea = 1.8 – 1.9 and the single-phase R films a lower Ea of 1.2 – 1.5 eV. The
oxygen partial pressure dependence of the ORR activity varies much more. For P films
the slope m in the log-log plot was in the range of 0.5 – 0.6 and for R films lower at
0.4 – 0.5, while the SATP films usually exhibited a wider range of slopes from 0.6 to
0.25. In two SATP films (F11, F17) and one Co-deficient P film (F19) even almost
no dependence of ORR activity from oxygen partial pressure was observed (m < 0.1).
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Figure 4.62: a Temperature and b oxygen partial pressure dependence of ORR activity of
La-Sr-Co-O films. Red is P (F79a), orange is Co-deficient P (F30c), purple is SATP (F65c),
black is SATP with higher-order R (F66d) and green is R (F25d). Lines show linear regression
with activation energies Ea and slopes m in the log-log plot.
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From an ORR mechanistic point of view the slope is expected to be lower than 1 if
molecular oxygen species are involved in the rate-determining step or lower than 0.5 if
atomic oxygen species are involved (see Section 2.3).
The resulting activation energies and oxygen partial pressure dependencies for the
ORR activity are similar to literature data given for P and R which supports the
assignment of the low-frequency impedance in EIS to ORR. In ref. [16] the oxygen
partial pressure dependence between 1 and 0.01 bar was found to be lower for the P/R
two-phase sample compared to the single-phase samples which is in agreement with the
observations in this work.
4.3.7 Comparison to literature
Here, the ORR activities determined by EIS for the present SATP and P films are com-
pared to the reports about the TPB effect at P/R hetero-interfaces in literature. Such
comparisons should be considered with caution due to the partially different sample
preparation, Sr fractions in P and R, ORR activity determination methods and mea-
surement conditions (temperature and oxygen partial pressure). For the phases in the
SATP films of the present work, average Sr fractions of x = 0.23 in P and y = 0.35 in R
were found by quantitative and statistical TEM-EDX analysis in Section 4.2.4, and the
strength of the TPB effect k′TPB of these samples were in the magnitude of 10−13 cm2/s
at 600 °C in 1 bar O2
Sase et al. [12, 14] In reference [14] hetero-interfaces of La0.6Sr0.4CoO3−δ /
(La,Sr)2CoO4±δ were formed by R precipitation (e.g. 5 µm diameter) during sinter-
ing of a P ceramic where a small Co-deficiency relative to single-phase P formation
must have been present in the green body or resulted from Co oxide evaporation dur-
ing sintering. ORR activity characterization was performed by 18O/SIMS experiments.
Unfortunately, no Sr fraction y of R was given but due to R formation during sintering
at 1300 °C it can be assumed that the Sr distribution between P and R was in ther-
modynamic equilibrium. Owing to the formation of only small amounts of R in the P
matrix, the Sr fraction x = 0.4 in P is expected to remain approximately constant and
therefore a Sr fraction of y ≈ 0.5 in R is expected from the binodal in Fig. 4.6a when
the coexisting P phase has a Sr fraction of x = 0.4. Both Sr fractions are significantly
larger than in the present work (x = 0.23, y = 0.35).
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In reference [14] only a estimated local maximum effective rate constant at the
La0.6Sr0.4CoO3−δ / (La,Sr)2CoO4±δ hetero-interface of k∗TPB,max = 8 · 10−6 cm/s is
given, which is about three orders of magnitude larger than the ORR activity of the P
matrix (star symbol in Figs. 4.63 and 4.65). For the R precipitates no ORR activity is
given. Unfortunately, in ref. [12] where P/R hetero-interfaces with a defined Sr fraction
also in R (y = 0.25) were investigated (partially overlapping bi-layer films, see Fig. 1.3)
no quantification of the ORR activity was done.
Owing to the limited lateral resolution (1 µm) the width of the region with increased
exchange activity at the TPB could not be determined. Since assumptions for the
geometry of the P/R hetero-interface had to be made in the quantitative analysis, the
k∗TPB,max value from ref. [14] has to be regarded with some caution. Nevertheless, when
a 2.5 nm wide transition zone for the P/R hetero-interface (≈ lateral extension of the
TPB effect as suggested in Section 4.2.4) and a constant ORR activity contribution of
TPBs of k∗TPB,max = 8 ·10−6 cm/s for this zone is used for integration, a strength of the
TPB effect of roughly k′TPB,Sase = 2 · 10−12 cm2/s at 500 °C can be estimated for the
sample in ref. [14]. This is less than one order of magnitude higher than the strength
of the TPB effect estimated in the present work k′TPB ≈ 5 · 10−13 cm2/s at 600 °C.
Crumlin et al. [16, 17] The results of Crumlin et al. (Fig. 1.4 and open triangles in
Fig. 4.63) are more difficult to interpret and compare in terms of the strength of the
TPB effect. The La1−xSrxCoO3−δ films "decorated" (= partially covered) by nominally
0.1 nm (La0.5Sr0.5)2CoO4±δ show an extremely high ORR activity (x = 0.4 for upper
triangle [17], x = 0.2 for lower triangle [16] in Fig. 4.63). But owing to an insufficient
morphological and chemical characterization of these films, it is unclear if a P/R two-
phase surface is actually present and how large the TPB density is. Furthermore,
their reference single-phase films (85 nm P and 15 nm R on 85 nm P bi-layer) show
much higher ORR activities compared to samples of other groups with the same Sr
fractions, in particular the 15 nm R on P film, compare Fig. 1.4. This might be due
to an influence of the P layer beneath by strain, an incomplete R coverage, or point
towards some details of their PLD process leading to different film properties.
Nevertheless, also for the 0.1 nm R decorated P film in ref. [16] (x = 0.2, lower
triangle in Fig. 4.63) an estimation of the strength of the TPB effect is tried here. In
a first approximation the contributions of P and R to the ORR activity of the surface
decorated film (kq = 2 · 10−6 cm/s) are negligible, compare Fig. 1.4. A surface coverage
of about 10 – 20 % is expected for a nominally 0.1 nm thick R decoration when R
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Figure 4.63: Temperature dependence of the ORR activity integrated over the whole surface
of thin dense (La,Sr)CoO3−δ / (La,Sr)2CoO4±δ (P/R) two-phase films and Co-deficient P of
the present work (solid symbols, ORR activities interpolated to 0.21 bar O2 from experiments
at 600 °C assuming same pO2 dependence in the whole temperature range) and of other groups
(open symbols). The activity of the post-crystallized amorphous film F49b (solid triangle) is
shown only for 600 °C due to strong deactivation during measurements, and has to be taken
with caution due to poor reproducibility. Crumlin et al. 2010 is the activity of a P film
"decorated" with 0.1 nm R (x = 0.2, y = 0.5) [16] and Crumlin et al. 2012 is the same for
x = 0.4, y = 0.5 [17] (both interpolated to 0.21 bar O2), Ma et al. 2015 is the activity of a self-
assembled P/R two-phase film that shows strong deactivation (arrow indicates measurement
procedure with keeping sample at 450 °C for 30 minutes before further temperature increase;
x ≈ 0.25, y ≈ 0.45) [110]. The data of Sase et al. 2008 represents the local activity at a P/R
hetero-interface (x = 0.4, y ≈ 0.5) [14].
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islands with a thickness of one unit cell (10 %) or half an unit cell are formed (20 %,
one AO and one ABO3 layer). In the supporting information of ref. [16] low resolution
AFM and SEM images of the 0.1 nm R decorated P films are shown in which tentatively
"spots" with a size of maximum 40 nm can be recognized. Assuming isolated 40 nm
squares of R islands a TPB density of 100,000 – 200,000 cm/cm2 can be estimated as
a minimum value (the structures are probably smaller than 40 nm). This results in a
maximum strength of the TPB effect of k′TPB,Crumlin = 1 – 2 · 10−11 cm2/s at 550 °C.
The estimated strength of the TPB effect in ref. [16] is much larger than the strength
estimated in the present work. This may be partially explained by an actually higher
TPB density due to R islands smaller than 40 nm which would result in a lower k′TPB
value. Besides this and different Sr fractions, also other effects could play a role. Ex-
amples are an additional Sr doping of the underlying P film close to the TPBs by the
Sr-rich deposited R, or the formation of Co-deficient P on the surface instead of R (as
it was observed in the present work). This reveals the general problem of experiments
with two-phase materials that contain too small particles and phase separation lengths:
they may show extremely high ORR activity but the origins are hard to identify due
to the very limited possibilities for morphological and chemical characterization.
Ma et al. [110] In 2015, Ma et al. published results for ORR activities of P/R two-
phase samples using a similar approach for sample preparation as in the present work
(which was first presented in 2013 [111, 112]). The ORR activity was measured by EIS.
Ma et al. deposited 200 nm thick self-assembled P/R two-phase films from a single PLD
target at 760 °C in 1.3 mbar O2 on YSZ substrates with a 100 nm thick Ce0.9Gd0.1O1.95
buffer layer. They also used a KrF excimer laser with λ = 248 nm but with a higher
pulse energy (300 mJ vs. 72 mJ) and a lower pulse repetition frequency compared to
the present work (2 Hz vs. 10 Hz for standard SATP films). The two-phase samples
were characterized with STM, AFM, SEM and nm-scale spatial resolution scanning
nano-probe Auger electron spectroscopy which showed P and R columns with about
300 nm diameter (Fig. 4.64a).
The PLD target used for two-phase films deposition contained a R fraction of w = 0.40
(by mixing P with x = 0.2 and R with y = 0.5 in a 3:2 molar ratio [110]) and a total Sr
fraction of z = 0.37. When a tie-line for this composition and the binodal in Fig. 4.6a
is used to determine the equilibrium Sr distribution, x ≈ 0.25 and y ≈ 0.45 is obtained.
This distribution is in good agreement with what Ma et al. found by quantitative
Auger electron spectroscopy after sputtering off the Sr enriched surface layer, resulting
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a) b)
Figure 4.64: a AFM image of a self-assembled P/R two-phase film on YSZ (001) buffered by
a 100 nm thick Ce0.9Gd0.1O1.95 layer. b Temperature dependence of the area specific resistance
ASR (reciprocal to ORR activity) at low temperature. Green is R, blue is P and red is P/R
two-phase film. Figures reproduced with permission from Ma et al. [110]. Copyright 2015,
The Royal Society of Chemistry.
in x = 0.28±0.07, y = 0.43±0.07 (ref. [110], supporting information). Therefore it can
be assumed that their two-phase films are close to thermodynamic equilibrium.
Fig. 4.64b shows the area specific resistance (ASR ∝ 1/kq) of the P/R two-phase film
and single-phase reference films in ref. [110] at low temperature where no significant
deactivation was observed. Compared to P with x = 0.2 and R with y = 0.5 the two-
phase sample exhibits a significantly enhanced ORR activity. Ma et al. used these Sr
fractions for the reference films in analogy to the experiments of Crumlin et al. in ref.
[16]. But when the true Sr fraction in P x ≈ 0.25 is used for comparison, an ORR
activity higher by half an order of magnitude would be obtained (compare Sr fraction
dependence of the ORR activity of P in Fig. 4.57a). Then the activity enhancement
of the two-phase films would lie within the error bars. This is in agreement with
the findings in the present work where no significant ORR activity enhancement was
observed for two-phase samples with the lowest TPB densities (e.g. 110,000 cm/cm2,
crystallites smaller than 300 nm) while the TPB density in ref. [110] is even smaller.
Furthermore, the two-phase film in ref. [110] showed strong deactivation at temper-
atures higher than 400 °C (diamond symbols in Fig. 4.63). When the temperature was
increased to 450 °C and kept for 30 minutes, the activity decreased by more than one
order of magnitude. The self-assembled two-phase films of the present work (purple
circles) which contained a lower total Sr fraction (z = 0.30 vs. z = 0.37) showed a
higher ORR activity at high temperatures and slower deactivation.
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ORR activity of Co-deficient perovskite phase films compared to stoichiometric
P reported in literature and hypothesis for the origin of the TPB effect Fig. 4.65
shows the ORR activities of single-phase P films with Sr fractions x = 0.2 – 0.5 from
literature (open symbols) and the present work (red circles), including Co-deficient P
(orange circles). It can be seen that Co-deficient P with x = 0.3 is not only highly
active compared to cation stoichiometric P with x = 0.3 but also similar or more active
than the most active P films with x = 0.5.
When the electroneutrality condition in Equation (2.7) is expanded by Co vacancies
of concentration cV′′′Co
cSr′La
+ 3 · cV′′′Co = 2cV
q q
O
+ ch q (4.23)
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Figure 4.65: Temperature dependence of the ORR activity in air of thin dense
La1−xSrxCoO3−δ (P) PLD films with different Sr fractions x. Open symbols are cation stoi-
chiometric P of Wang et al. 2010 [113], Yang et al. 2000 [114], Kawada et al. 1999 [115], Sase
et al. 2008 [14] (ceramic sample measured by 18O/SIMS), De Souza and Kilner 1998 [108]
and Ma et al. 2015 [110]. Solid symbols are present work, Co-deficient P film (orange) and
cation stoichiometric P film (red) both with x = 0.3, ORR activities were interpolated to 0.21
bar O2 from experiments at 600 °C assuming same pO2 dependence in the whole temperature
range.
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La-Sr-Co-O FILMS
it can be seen, that the Co-deficiency of ca. 10 % in F30 (La0.7Sr0.3Co0.9O3−δ) would
increase cV q qO by ∆δ = 0.15 if ch q remains constant. Such an increased cV q qO is expected to
largely accelerate the ORR [5] since δ ≈ 0.02 for La0.7Sr0.3CoO3−δ without Co-deficiency
at 700 °C in air [52]. This could explain why the ORR activity of Co-deficient P is
comparable to cation stoichiometric P with the highest Sr doping fractions.
Takeshita et al. [97] in 2014 also found an enhanced ORR activity for 20 nm thick
RF-sputtered Co-deficient P on cation stoichiometric P films (1.5 – 4 times increased
compared to cation stoichiometric P) but not as strong as in the present work. They
furthermore suggested that Co-deficiency in P also may play a role for the TPB effect.
At least for non-equilibrated P/R two-phase films formed by phase separation this is a
reasonable hypothesis, since the formation of highly active Co-deficient P at the hetero-
interface (as well as formation of higher-order R) would correspond to a "smoothing" of
the composition change across the hetero-interface as illustrated in Fig. 4.66.
P R 
(higher-order Ruddlesden-Popper phase) Co-deficient perovskite phase O2 
electrolyte (YSZ) 
Figure 4.66: Scheme for a hypothesis for the origin of the TPB effect in non-equilibrium
La-Sr-Co-O films (incomplete phase separation) prepared in the present work. The forma-
tion of Co-deficient P (with high ORR activity) and higher-order R would "smoothen" the
cation composition change across the hetero-interface. Note that not necessarily both of these
metastable phases are formed at the interface, e.g. depending on the R fraction w.
This hypothesis is supported by the following thought experiment. If a hypothetical
P/R two-phase material consisted "only" of TPBs with a 2.5 nm wide transition zone as
suggested in Section 4.2.4, a maximum TPB density of 4,000,000 cm/cm2 would result
from a phase separation length of 2.5 nm. Using the estimated strength of the TPB
effect at 600 °C of k′TPB ≈ 5 · 10−13 cm2/s to calculate the overall ORR activity of such
a material yields k ≈ 2 · 10−6 cm/s. This value perfectly fits to the ORR activities
of Co-deficient P films at 600 °C which lie in the range of 1.9 – 3.5 · 10−6 cm/s, see
Fig. 4.59. Additionally, it is striking that the ORR activities of Co-deficient P and the
post-crystallized amorphous film as well as the R decorated P films of Crumlin et al.
[16, 17] in Fig. 4.63 – which are all supposed to have an extremely high TPB density –
are very close together.
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5 Conclusions
The aim of this work was to investigate and quantify the enhancement of the oxy-
gen reduction reaction (ORR) activity at triple phase boundaries ("TPB effect") in
(La,Sr)CoO3−δ (P) / (La,Sr)2CoO4±δ (R) two-phase PLD films compared to the ac-
tivity of P and R single-phase films (reference activity). Such a TPB effect was
firstly reported by Sase et al. in 2006 which determined the local ORR activity on
single P/R hetero-interfaces by 18O exchange and SIMS (local activity measurement),
and was confirmed by Crumlin et al. which compared the ORR activity of R deco-
rated P films with single-phase films by electrochemical impedance spectroscopy (EIS,
integrated activity measurement).
In an approach of measuring the integrated activity, the present work successfully
combined the advantages of EIS measurements of dense thin films with P/R two-phase
samples that contain crystallites which are sufficiently small to yield high TPB densities
and a clear TPB effect, but large enough for a detailed morphological and chemical
analysis. Most of the two-phase films showed a moderate ORR activity enhancement
by TPBs. P/R two-phase films with the smallest crystallites (ca. 50 nm in size) were in
average five times more active as expected for a film with the same surface fractions of P
and R phases and with the same Sr contents in P and R but without TPBs. Apart from
this, several further interesting observations were made as described in the paragraphs
below.
The P/R two-phase films were prepared by pulsed laser deposition (PLD) at 770 °C
from a single La-Sr-Co-O PLD target (plasma composition with a (La,Sr) to Co ratio
between P and R) by phase separation (spinodal decomposition yielding self-assembled
two-phase films, SATP) on YSZ (100) single crystalline substrates. The about 65 nm
thick pore-free films contained vertically aligned nanocolumns with 20 – 200 nm diam-
eter. As an alternative method, post-crystallization of amorphous films with a compo-
sition between P and R deposited at room temperature yielded crystallites smaller than
10 nm. All two- or single-phase films contained a La to Sr ratio of 70 : 30 and PLD
conditions were varied to control the formed phases, their grain size and TPB density.
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The ORR activity was determined from the low-frequency semicircle in EIS as func-
tion of composition, TPB density, temperature, oxygen partial pressure and time at
600 °C. As a basis for proper quantification of the TPB effect, a detailed investigation
of the morphologies, phases and chemical compositions of the thin films and the formed
crystallites was carried out by SEM, TEM, TEM-EDX, XRD, Raman spectroscopy and
ICP-OES chemical analysis.
Sr distribution in (La,Sr)CoO3−δ / (La,Sr)2CoO4±δ two-phase La-Sr-Co-O
powders and PLD films In the process of phase separation the La/Sr ratios in the
two phases are not necessarily identical. Since the ORR activity of the perovskite
phase strongly depends on the Sr doping fraction x, the equilibrium Sr distribution
between La1−xSrxCoO3−δ and (La1−ySry)2CoO4±δ in two-phases powders close to ther-
modynamic equilibrium was determined. The lattice constants of both phases in two-
phase powders with varying total La/Sr ratios and R fractions were measured by
XRD/Rietveld refinement. Using the x, y dependence of lattice constants obtained
from single-phase samples with known La/Sr ratios, the Sr fractions could be deter-
mined with accuracies of better than ±0.04 for x in P and ±0.08 for y in R.
The binodal for the Sr distribution between coexisting P and R phases was measured
for the full range of total La/Sr ratios for which P/R two-phase systems are stable.
Especially for low total Sr fractions a strong accumulation of Sr in R takes place. For
example, in two-phase films with a total Sr fraction z = 0.3 and a R fraction of w = 0.5
an equilibrium Sr distribution of about x = 0.13 in P and y = 0.38 in R would be
expected. This brings the Co in R in a higher, more stable average oxidation state
(from 2+ towards 3+).
The precise Sr distribution between P and R in SATP films was determined by
quantitative TEM-EDX analysis of individual crystallites. It was found that the Sr dis-
tribution in the two-phase films deposited at 770 °C did not fully reach thermodynamic
equilibrium (in contrast to the powder samples annealed at 1200 °C). For example, in
standard SATP films a Sr fraction of in average x = 0.23 in P and y = 0.35 in R was
found, while x = 0.13, y = 0.38 is expected for equilibrium.
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Metastable phases in La-Sr-Co-O PLD films: higher-order Ruddlesden-Popper
phase and Co-deficient perovskite phase The first metastable phase found in the
present PLD films is a Co-deficient perovskite phase with a composition of approxi-
mately La0.7Sr0.3Co0.9O3−δ. It formed in La-Sr-Co-O films with a nominal R fraction
of 0 < w ≤ 0.1 yielding crystallites with a characteristic "Puzzle Pieces" morphology.
These films did typically not show any other XRD reflections than perovskite phase.
Quantitative TEM-EDX composition statistics and Raman spectroscopy further sup-
ported the presence of only one phase (Co-deficient P) in films with w = 0.1 which
exclusively contained crystallites with "Puzzle Pieces" morphology.
Co-deficient P films turned out to be highly active for the ORR and deactivated
only slowly at 600 °C compared to other La-Sr-Co-O films. They were 100 times
more active than cation stoichiometric P films with the same Sr fraction and even
outperformed the most active SATP film also deposited at 770 °C by about one order
of magnitude at 600 °C in 1 bar O2. The formation of additional oxygen vacancies for
charge compensation of Co vacancies probably contributes to the enhanced activity.
The second metastable phase is a higher-order Ruddlesden-Popper phase
(La,Sr)n+1ConOm with n = 1.6 – 2.1 which can be formed in La-Sr-Co-O films with
a nominal R fraction of w ≥ 0.6. Films with this phase showed higher-order R reflec-
tions in XRD and large crystallites with a composition between P and R in TEM-EDX.
In powder samples, higher-order R is formed only for much larger total Sr fractions.
Therefore it is concluded that this phase is formed due to incomplete phase separation
during PLD. The formation of large higher-order R crystallites may also be thermo-
dynamically beneficial compared to the formation of a nanocrystalline two-phase film
with a high surface energy of hetero-interfaces.
Higher-order R has a ORR activity similar to R (or lower) and decreases the overall
ORR activity of the La-Sr-Co-O film because it is favorable formed between P and R
crystallites, impeding the formation of highly active P/R/O2 TPBs.
Morphology and (La,Sr)CoO3−δ / (La,Sr)2CoO4+δ / O2 triple phase boundary
density of La-Sr-Co-O PLD films The morphologies of La-Sr-Co-O two-phase films,
as well as single-phase films, were extensively investigated in order to recognize charac-
teristic crystallite shapes of the different phases in top view SEM.
Seven types of crystallite morphologies could be identified in the films and have been
assigned to the phases P, R, higher-order R and Co-deficient P. The P phase can crys-
tallize in four different morphologies for which round flat shapes are characteristic. The
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R phase also crystallizes in four different morphologies for which sharp-edged crystal-
lites aligned parallel to the substrate crystallographic axis are characteristic. Since two
morphologies can be formed by both the P and the R phase, and because not every
crystallite in SEM can be clearly assigned to one morphology type, it was only par-
tially possible to assign phases to crystallites visible in SEM by this approach. But
in combination with the other chemical characterization methods, morphology studies
significantly contributed to a clearer view about the phases and their amounts present
in La-Sr-Co-O films.
The TPB densities of SATP films were estimated by the analysis of crystallite size
distribution and modeling of simplified two-phase film geometries. TPB densities
could be estimated with about ±20 % accuracy and were in the range of 25,000 –
1,500,000 cm/cm2 TPB length per two-phase film footprint area.
Strength of oxygen reduction reaction enhancement at P/R/O2 triple phase
boundaries in La-Sr-Co-O PLD films For the evaluation of the TPB effect only
two-phase films without metastable phases were used. The ORR activities of the two-
phase films measured with EIS were compared with reference activities to determine
the contributions of TPBs to their ORR activities. The reference activity is the surface
area weighted superposition of ORR activities of the P and R phases present in the
two-phase films assuming no TPB effect.
To calculate the reference activity, the true Sr fractions in P and R in the films,
determined by TEM-EDX, were used to estimate the ORR activity of P which strongly
depends on its Sr fraction. The Sr accumulation in R results in a lower activity of P
and therefore a lower reference activity. The reference activity of two-phase materials
with equilibrated Sr distribution can drop to 50 % of the reference activity of materials
with homogeneously distributed Sr x = y = z = 0.3.
Most of the SATP films (with typically about 50 nm crystallite size and
200,000 cm/cm2 TPB density) showed only a moderate ORR activity enhancement
of 3 – 10 times compared to the reference activity. This corresponds to a weak statis-
tical significance of the enhancement due to the estimated uncertainty range of half an
order of magnitude. Only one SATP film deposited at 770 °C was about 30 times as
active as the reference activity, but could unfortunately not be reproduced in other PLD
runs. One post-crystallized amorphous film was even three orders of magnitude more
active than the reference activity, but it deactivated rapidly, could not be reproduced
and the crystallites were too small to be analyzed for their phases and compositions.
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When the ORR activity contributions of TPBs (difference of measured activity and
reference activity) were plotted versus the TPB densities of the SATP films, no clear
linear relationship was observed because TPB contributions scattered significantly com-
pared to the limited range of TPB densities in the samples (110,000 – 260,000 cm/cm2).
Scattering might be due to variations in the nature of the TPBs, e.g. different Sr dis-
tributions and crystallite orientations. Samples with smaller crystallites (e.g. 20 nm
with 500,000 cm/cm2 TPB density) could improve the test for a linear relationship
between TPB length and TPB contribution to ORR activity and would still allow for
morphological and chemical characterization. Nevertheless, the strength of the TPB
effect (increase of ORR rate per TPB length) could reliably be estimated in the magni-
tude of 10−13 cm2/s at 600 °C in 1 bar O2 for P/R hetero-interfaces with a Sr fraction
of about x = 0.23 in P and y = 0.35 in R for the first time. For example, a hypothetical
P/R two-phase material with a 10 nm chessboard structure would have an increased
effective ORR rate constant of about 10−6 cm/s compared to the single phases with
only 1 · 10−8 cm/s (P with x = 0.23) and 3 · 10−8 cm/s (R with y = 0.35).
To summarize, self-assembled two-phase films with vertically aligned nanocolumns
with around 50 nm diameter could be prepared by PLD. Their crystallites were large
enough for morphological and chemical characterization and small enough to exhibit a
moderately increased overall ORR activity owing to the TPB effect, indicating a further
possibility to tune ORR kinetics (in addition to doping of single phase materials). The
non-equilibrium conditions of the PLD and phase separation process lead to interesting
new (metastable) phases such as a highly ORR active Co-deficient perovskite phase.
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a) b)
Figure 1: SEM image of a dense (a) and porous (b) La-Sr-Co-O PLD film (wnom = 0.5,
znom = 0.3), deposited at room temperature in 0.01 mbar O2 (a) and 0.4 mbar O2 (b). Only
dense films were used for post-crystallization, see Section 3.1.2.
Figure 2: General equivalent circuit for P/R two-phase film samples. Ionic resistivity con-
tributions to impedance spectra Ric are considered for both, P and R. Note additional ORR
resistor RORR,TPB which represents ORR activity enhancement by TPBs, see Section 3.3.
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Table 2: Literature data for positions of X-ray reflections (2θ scan) and their assigned
reciprocal lattice indices h k l for La0.5Sr0.5CoO3−δ (perovskite phase in hexagonal space group,
adapted from LaCr1−xNixO3 structure [116]) and (La0.5Sr0.5)2CoO4±δ (Ruddlesden-Popper
phase in tetragonal space group [117]). Literature data agree with measured positions in a
P/R two-phase powder with w = 0.5 and z = 0.3 within ±0.3°. Table only gives positions
which were also observed in the two-phase PLD films. Rows which are not separated by lines
represent reflections which could not be distinguished in thin films due to peak broadening.
reflection reciprocal lattice indices h k l reciprocal lattice indices h k l
position of P reflections of R reflections
2θ / ° (hexagonal space group) (tetragonal space group)
14.2 0 0 2
23.1 0 1 2
24.4 0 1 1
28.5 0 0 4
31.8 0 1 3
32.7 1 1 0
33.0 1 0 4
33.3 1 1 0
40.4 2 0 2
41.0 0 0 6
43.3 0 1 5
43.4 0 0 6
44.4 1 1 4
47.2 0 2 4
47.8 0 2 0
58.3 0 3 0
58.5 1 2 3
58.6 2 1 4
59.1 0 0 8
59.3 0 1 8
66.4 1 2 5
66.5 0 2 6
68.5 2 2 0
69.3 2 0 8
69.5 1 1 8
69.8 2 2 0
78.2 1 3 4
78.8 1 2 8 0 3 3
79.3 0 2 8
79.6 1 3 0
85.6 1 1 10
85.9 2 2 6
86.6 1 3 4
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Table 3: Lattice parameters obtained by Rietveld refinement of single-phase and two-phase
powder XRD. wnom is the nominal molar R fraction, znom is the nominal total Sr fraction.
For the P phase a hexagonal space group was used (space group R3¯c, number 167, Z = 6),
for the R phase a tetragonal space group (space group I4/mmm, number 139, Z = 2). "three-
phase" powders additionally contain a orthorhombic phase, identified as Sr3Co2O6+δ structure
(higher-order R). The standard deviation for the lattice parameters is smaller than 0.0024 Å
expect of cP for which the standard deviation is 0.0048 Å.
wnom znom composition hexagonal hexagonal tetragonal tetragonal
aP / Å cP / Å aR / Å cR / Å
0 0 LaCoO3−δ 5.4380 13.0798
0 0.3 La0.7Sr0.3CoO3−δ 5.4380 13.2059
0.25 0.3 P/R two-phase 5.4429 13.1949 3.8160 12.4810
0.5 0.21 P/R two-phase 5.4468 13.1359 3.8310 12.5167
0.5 0.3 P/R two-phase 5.4470 13.1794 3.8193 12.4867
0.5 0.4 P/R two-phase 5.4349 13.2262 3.8147 12.4873
0.5 0.5 P/R two-phase 5.4198 13.2791 3.8092 12.4903
0.5 0.6 three-phase 5.4225 13.2840 3.8034 12.4996
0.5 0.7 three-phase 5.4242 13.2848 3.8016 12.5134
0.75 0.3 P/R two-phase 5.4450 13.1563 3.8216 12.4825
1 0.3 (La0.7Sr0.3)2CoO4+δ 3.8271 12.5078
1 0.6 (La0.4Sr0.6)2CoO4−δ 3.8002 12.5298
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Figure 3: SEM image of SATP film F65a with stripes within which the linear intercept
method was applied. The red square in the center represents the determined averaged effective
size s¯ = 45 nm of crystallites (see Section 4.2.7).
a) b)
Figure 4: SEM images of SATP films deposited on 10 nm P buffer layer under standard
PLD conditions with different PLD targets but constant Sr fraction z = 0.3. a (F24a) has
a R fraction of wvol = 0.24 and b (F26a) contains wvol = 0.93. Individual and small "Dark
Terraces" in b indicate the presence of higher-order R.
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Table 6: Effective ORR rate constants of La-Sr-Co-O films derived from EIS. For further film
details see Table 1 in the appendix and Table 4.4. The table gives films ordered by tendency
to deactivate over time at 500 – 600 °C in 1 bar O2. The most stable film is in the first row,
the last four rows contain films without sufficient data to determine deactivation coefficients a
by fitting log(kq/(cm/s))(t) = a · log(t/h) + b to ORR activity of microelectrodes with 80 µm
diameter at 600 °C in 1 bar O2 during time. "Co-def." are films containing Co-deficient P, "h.-
o. R" are films containing higher-order R, "amor." are post-crystallized amorphous films. kqmax
gives the activity of the most active microelectrode which usually was the initially measured
one and is indicated by the upper bars in Section 4.3 (e.g. in Fig. 4.59). kq is the geometric
mean of the ORR activities of three to six microelectrodes measured 1.5 – 2 h after the film
was heated up to at least 500 °C. k was used to compare the activity of films and is shown by
the symbols in the plots. kq6h is the activity after 6 h of deactivation and is indicated by the
lower bars, for more details see Fig. 4.54b. kTPB = kq − kref is the contribution of the TPB
effect to overall ORR activity (Sections 2.4, 4.58 and Table 7 in the appendix for kref ). Data
are given only for films shown in Fig. 4.61 (without F29c).
film type deactivation log
(
kqmax
cm/s
)
log
(
kq
cm/s
)
log
(
kq6h
cm/s
)
log
(
kTPB
cm/s
)
coefficient a
F19b Co-def. 0.12 -5.66 -5.72 -5.81
F17a SATP 0.05 -6.91 -6.95 -7.05
F25d R -0.25 -7.45 -7.50 -7.67
F18c SATP -0.28 -6.23 -6.29 -6.58 -6.31
F17d SATP -0.30 -6.82 -6.88 -7.07 -6.95
F11 SATP -0.30 -7.05 -7.11 -7.33 -7.24
F30c Co-def. -0.35 -5.39 -5.45 -5.63
F24c SATP -0.48 -6.91 -6.96 -7.33 -7.04
F15c R -0.53 -7.58 -7.64 -7.94
F28c SATP -0.53 -7.08 -7.14 -7.32 -7.28
F45d h.-o. R -0.55 -7.20 -7.26 -7.54 -7.45
F66d h.-o. R -0.55 -7.58 -7.85 -7.95
F46b h.-o. R -0.55 -7.33 -7.42 -7.58 -7.74
F33d SATP -0.83 -6.98 -7.41 -7.64 -7.74
F26d h.-o. R -0.92 -6.99 -7.27 -7.48 -7.55
F35c SATP -0.94 -6.90 -7.05 -7.34 -7.16
F49c amor. -0.97 -6.48 -7.11 -7.29 -7.24
F25c R -1.08 -6.91 -7.50 -7.65
F65c SATP -1.08 -6.96 -7.10 -7.42 -7.22
F29c Co-def. -1.15 -5.55 -5.62 -5.98
F18a SATP -1.17 -6.48 -6.91 -7.10 -6.99
F33c SATP -1.20 -7.20 -7.29 -7.70
F64a SATP -1.45 -7.20 -7.43 -7.78 -7.69
F72b SATP -1.47 -6.73 -6.80 -7.32 -6.86
F49b amor. -1.89 -4.51 -4.85 -5.59 -4.85
XXII
APPENDIX
film type deactivation log
(
kqmax
cm/s
)
log
(
kq
cm/s
)
log
(
kq6h
cm/s
)
log
(
kTPB
cm/s
)
coefficient a
F79a P -1.91 -7.33 -7.71 -8.06
F73a Co-def. -2.51 -6.75 -6.84 -7.68
F74a Co-def. -2.74 -6.75 -7.23 -7.87
F72a SATP -2.74 -6.62 -6.91 -7.76 -6.98
F50c SATP -3.41 -6.04 -6.81 -7.61 -6.87
F36c SATP -7.64 -8.15
F36d SATP -7.35 -7.61
F50d SATP -6.32 -6.78
F78a P -7.15 -7.41
Table 7: Equilibrium Sr fractions xTD and yTD in P/R two-phase materials for a total Sr
fraction of z = 0.3 and various molar R fractions w. wvol is the volumetric R fraction which
is slightly influenced by the Sr distribution. kP (xTD) is the expected ORR activity of P in
such two-phase materials and kref is the expected overall ORR activity of the P/R two-phase
material without TPB effects (ideal superposition). The ORR activities were calculated from
experiments with single-phase P and R thin films with each x = y = 0.3 assuming no Sr
dependence of the ORR activity for R and a Sr dependence for P derived from ref. [65] (see
Section 4.3.2).
w wvol xTD yTD log
(
kP (xTD)
cm/s
)
log
(
kref
cm/s
)
0.0 0.00 0.30 -7.56 -7.56
0.05 0.08 0.28 0.45 -7.69 -7.68
0.1 0.15 0.27 0.45 -7.84 -7.78
0.2 0.29 0.23 0.44 -8.14 -7.89
0.3 0.41 0.20 0.42 -8.46 -7.88
0.4 0.52 0.16 0.40 -8.78 -7.83
0.5 0.62 0.13 0.38 -9.07 -7.77
0.6 0.71 0.11 0.36 -9.33 -7.71
0.7 0.79 0.09 0.35 -9.53 -7.67
0.8 0.87 0.07 0.33 -9.68 -7.63
0.9 0.94 0.06 0.31 -9.80 -7.60
0.95 0.97 0.06 0.31 -9.84 -7.58
1.0 1.00 0.30 -7.57
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